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ABSTRkCT.

This work is concerned with the changes which occur in the electrical
resistance and effoctive work function of thin metallic films as a result of
surface effects. The surface effects considered are a result of the vacuum
deposition of overlayers and gas adsorption at the film surfaces. Conductivity
and work function changes which can occur are considered separately, and then
an attempt is made to predict how conductivity and work function changes are
related for the metals employed; viz, gold, silver and aluminium.
A'suitable method of monitoring the changes in effective work funcon
of thin metallic films is developed which can be operated during vacuum
deposition of the films in ulti a-high vacuum conditions. Apparatus incorporating
this means of monitoring effective work function, and also the measurement of
sheet resistance, was designed and built for use in conjunction with an electronbeam evaporator unit.
A simple theoretical model is presented for the growth of overlayers on
metallic rums which can be used to predict electrical resistance changes in
reasonable agreement with the experimental results for gold deposited onto
annealed gold films. The model depends upon an exponential relationship
between surface coverage and mean overlayer thickness. The relationship is
found to be applicable for gold, vacuum deposited onto polycrystalline silver
films, and vice versa, on glass substrates.
Changes which take place in the electrical resistance of thin polycrystalline
gold and silver films when aluminium overlayers are vacuum deposited onto them
are explained on the basis of surface alloying and the reaction of aluminium
with oxygen. Contact potential measurements made are comp]mentary to the
explanation of the resistance changes. Composite film structures with oxidised
layers of aluminium were found to have very non-linear slope resistance characteristics.
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CHAPTER l..
INTRODUCTIO N
Introduction
The work described in this thesis is concerned with the
preparation and properties of thin metal films. The metals used
are gold, silver and aluminium. The films are prepared by vacuum
deposition and the properties of principal interest are electrical
conductivity and work function. In this first chapter an outline
of thin film development will be given together with the progress
made in the measurement and understanding of some of their
properties. From this, the reasons for this work will be given
and its aims explained.
1.1. Definition of S,rf ace Effects.
In electronic engineering it is very important that the
physical properties of the materials used are well known. In
modern circuit and device design work the electrical conductivity
appears in the necessary calculations more often than any other.
Tables of accepted values for stated conditions of temperature and
crystallographic orientation are well documented for most
materials. However, the technology of circuit manufacture has
changed so rapidly in the last twenty years that such tables of
conductivity must be used with caution. These values are perfectly
valid providing "bulk" conditions are being considered i.e. that
all the dimensions are very much larger than the mean free path of
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the charge carriers in the material. Typically, the mean free
path in a good conductor is a few hundred angstroms. Thus, for
metal films having a thickness less than a few thousand angstroms
the bulk conductivity can be significantly modified by the state
of the surface of the material. These modifications are said to
be the result of size and/or surface effects. In this work they
will be referred to as surface effects.
1.2. Thin. Metal Pi1rns
12.1. Early Work. Thin metul films formed at low pressures were
first reported over a century ago by workers in the glow discharge
field. These films were inadvertently sputtered on to the glass
envelope containing the glow discharges. When developing the
filament lamp in the latter half of the nineteenth century
experiment.ers reported metal films appearing on the inside of the
lamp envelope. During this period no serious attempts were made to investigate the properties of such films. This is not a
reflection on the ability of experimenters of the time, but shows
the inadequacy of their instrumentation and apparatus for a
systematic investigation of the preparation and properties of
these deposits. Not until the turn of the century did the
experimental and theoretical work on thin films make real progress.
Drude (1) in 1900:..proposed his electron gas theory on
electrical conduction in metals. He postulated that a metal
contained mobile negatively charged particles analogous to a volume
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of gas molecules. The charged particles were to be in random
thermal motion like gas molecules and would undergo collisions
with each other which would result in a "mean free path" for these
particles. From this theory Thomson (2) deduced that if a metal
conductor was of such a size that the thickness (t) was of the
same order as the bulk mean free path (f\) of the charge carriers,
then the charge carriers, (electrons), would undergo further
collisions at the conductor surfaces. This resulted in an
expression for a reduced mean free path,

A

(i'), given by

t('1k\Qt)

This relationship resolved the apparently anomalous results
obtained by workers at about the same time for the resistivity of
thir films. For thick conductors the relationship between
resistivity

) and thickness (t) is
',(

(1.2.2)

It had been found for thin metal films that the resistivity
( ) increased much faster than the normal relationship of
equation (1.2.2) would predict.
Since, from equation (1.2.1),A, will decrease with decreasing
t the resistivity trend for decreasing film thickness was in
qualitative agreement with the experimental results. Swann

in

1911+ could not theoretically- account for the measured resistivity
and temperature coefficient of his thin metal films.

The

temperature coefficient was of the wrong polarity and the
resistivity value too high to be accounted for by the Thomson (2)
theory, This led him to deduce that thin film mtructures were in
fact

aggregated,and were not thin smooth plates as had been

assumed. His reasoning for the cause of aggregation has been
shown to be wrong, but the basic idea of island structure during
initial film growth has been verified

further added

Swann

that since there was an open structure with gaps between clusters
of condensed atoms, only electrons with sufficient velocity could
travel from cluster to cluster.

As the film grew the clusters

became closer tnd thua it becanB easier for the electrons to move
under the influence of an applied electric field. As Swanson
has point d out "Effectively Swann suggested that conduction in an
aggregated film is activated and that the activation energy
decreased as the film thickness increased.

Thus, - S%~aftn

was

- -

able to account for the positive temperature coefficient and for
the high resistivity values.
1.2.2. Modern Ideas of Conductivity. Even with Swannts
substantially correct picture for the stages of metal film growth,
it was several decades before the theory cf conduction in
discontinuous structures yielded results in agreement with
experiments. Thermionic emission (6), field emission
mechanical tunneling

,

substrate conduction

quantum

and semi-

.5.

conductor - like band conduction (10) have all been employed in
building up the modern theory for conduction in aggregated
metallic structures.
For continuous films several equations similar in form to
equation (1.2.1) appeared in the literature (11) (12), but all of
them suffered from the inability to always agree with experimental
results. Fuchs (13), in 193 solved the Boltzmann transport
equation with the appropriate boundary conditions for the case of
inelastic scattering at the surface of a film. Sondheimer (14)
192) derived an equation based on Fuchs

analysis for the

change in conductivity which results if only a fraction of the
electrons were inelastically scattered at the surface. Thus, a
fraction (P ) of the electrons are scattered specularly, and a
fraction O-F) diffusely. It was further assumed that this
fraction (P ) was not a function of the angle of incidence of the
electrons. The equation can be written as
I
-I

where: C

is the thin film conductivity

C

is the equivalent bulk conductivity

C

is the film thickness
is the electron mean free path

and

k=t/t\

Thus, the change in conductivity is a function of the

(1.2.3)
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fraction P, film thickness and bulk mean free path. The only
other variable present in equation (1..3) which was not present
in much earlier equations is . A simplification which can be
made to equation (1.2.3 with,, as before
-

7'- .

.= _\
is-- to rewrite, it in the form given by

Juretschke (15) as
(1.2.5)
where is a tabulated function. This theory has been used to
explain the observation that gold films deposited on freshly
prepared bismuth oxide underlayers have an initial? value of
close to zero which in..reases to approximately 0.9 when the films
are annealed in air at 350°C. (16) (17)
An extension of the above theory was made by Lucas

(is) (19)

to allow for different fractions of electrons being scattered
specularly at the upper and lower surfaces of a thin film. If P
and G are the fractions scattered specularly at the surfaces then
the change in conductivity can be expressed as

c
=I

. ,.

C.

X

Ca

CA T
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or, using the Juretschke functional form

2k ) P9)
If the electron reflection coefficient at the film surface is
dependent on the angle of incidence of the conduction electrons,
then the mathematical analysis for the derivation of the above
relationships must be considered. Parrot (20) assumed that 'or
all angles (è ) to the surface normal up to some angle,(E) 0 ), all
the incident electrons would be diffusely scattered and that they
wcu1d be specularly scattered for all larger angles. Based on
this assumption the conductivity equation obtained,as shown by
Juretschke (21) can be written as
Sec

-=

3

1

As for equation (1.2.3), equation (1.2.) can be written in
the form

An extension of this theory is to make allowance for the cutoff angles being different at the upper and lower surfaces.. If
and G are the cut off angles for the upper and lower surfaces )
then equation (1.2.9) is modified to

e1

.a.

(;

ee)

(1.2.10)

Parrot's theory (20) and that of FuchsSoxdheimer-LUCaS

(la)

both predict approximately the same variations from bulk for
conductivity values of thin films at temperatures close to ambient.
However, the theories predict different behaviour at low
temperaturest when the mean free paths of the charge carriers ,
become extended. The experimental evidence available. (22)
s-.ggests that neither of the theories satisfactorily predicts low
temperature behaviour. This is perhaps the result of insuf"icient
consideration being given to the structure of real thin films.
1.2.3. Conductivity with Overlaver Structures. , Realising that an
annealed gold film on bismuth oxide could have a scattering
coefficient ( ) of approximately 0.9, Lucas (23)

(is)

argued that

depositing a further layer. of gold could make P decrease again
to zero. This was provided that the gold over1ayWaa left
unannealed, and that the annealed gold to unnanealed gold boundary
was completely transparent to the passage of electrons. By this
method he hoped to increase the resistivity of a thin annealed
gold film by the addition of further gold until the shunting
effect of the added gold caused the resistivity to decrease.
Experimental work carried out demonstrated that this was possible,
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and the results of some of this work are shown in figure 1.2.1.
applied the analysis developed by Fuchs and Sondheirner

Lucas

to solve the Boltzmann transport equation for electrons in a two
layer structure. In the analysis it was assumed that the layers
were formed of thin platelets and that the bounda'y, of the .two
layers did not interfere with the passage of conduction electrons.
The resulting equation for the ratio of the composite film.
conductivity,

(c), to the bulk conductivity of the first layer,

is expressed as a function of the ratios of thickness
to corresponding bulk mean free path for the layers (

), the

fraction of specular scattering at the top and bottom faces of the
composite structure (2.,Q ) and the actual thickness

) of the

layers
I.e.

EL.

F

The shunting effect of the overlayer can be eliminated by
using an insulator instead of a good conducting overlayer material.
Several workers have demonstrated that if a dielectric overlayer
is deposited on an annealed gold film, then the resistance of this
composite structure increases to a constant value (23) (21+) (25)
(26)

Figure 1,2.2. shows this effect.

12.1+. Field Effects, On theoretical grounds it appears possible
to modulate the conductivity in a thick metallic film by the

1
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application of a transverse electric field. Juretschke (21) (27)
derived the theoretical relations defining this effect for the
(20) theories of
Fuchs-Sondheimer-Lucas (is) and the Parrot
conduction in thin films. Recently experiments have been carried
out (2) which suggest that the effect, if present, is not so
pronounced as. the theory of Juretschke predicts. This is
particularly true at low temperatures, where an enhancement of the
effect should take place.
1.25,, Oxidation and Adsorption. Oxidation and gas adsorption
can cause the resistivity of thin metal films to change
appreciably. For a given metal these effects are very much
dependent on the ability of the metal to form oxides and the
reaction kinetics at the film surface with the particular gases
involved. Two types of adsorption may take place at the solid-gas
interface, namely physical and chemical adsorption. If the
temperature and pressure are favourable then physical adsorption
will take place irrespective of the type of solid presenting the
surface for adsorption. Chemisorption has the nature of a chemical
reaction between the surface atoms and the adsorbed gas molecules.
The latter type of adsorption is very much dependent on the
particular combination of gas molecule and surface atom system
being considered. Table 1.2.1. shows the fraction of a s'irface
covered for pressures of 760 torr and 10 torr for equilibrium
physical adsorption at room temperature. From the table it is
seen that physical adsorption does not take place to any great
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extent at low pressures for the commonly occuring

gases.

However,

oxygen, hydrogen, nitrogen and carbon monoxide can be slowly
chemisorbed on metallic surfaces and can be rapidly adsorbed to
monolayer coverage even at low pressures. This rapid uptake of
gas molecules on a metallic surface can be demonstrated with
oxygen and aluminium. A monolayer of oxygen forms on a fresh
-6
(29)
aluminium surface in a few minutes at a pressure of 1 0 torr
There is a corresponding increase in the resistivity of a thin
aluminium film during oxygen adsorption, which is considered to
be the result of the electrons in the metal becoming part of the
electron shells of oxygen atoms (30), On further exposure to
oxygen the resistance of an aluminium film increases further as a
result of oxide growth at the surface. This is a chemical
reaction which slowly turns the conducting aluminium into the
insulating aluminium oxide to a depth of many monolayers. The
aluminium valence electrons are then prevented from taking part
in a conduction process, thus increasing the resistance of the
Li im.
1.2.6. Nucleation and Growth. Wood

(31) in 1915 showed that the

probability of an impinging vapour atom or molecule condensing on
a substrate was not unity, but depended on the substrate
temperature. He showed that for cadmium on glass it was ncessary
to lower the temperature to approximately -90 0C. before
condensation or sticking of the cadmium atoms occurred. This was

e12*

the start of the idea of a critical substrate temperature for
(32) put forward in 1916
condensation to take place. Langmuir
his theory of condensation and re-evaporation. Unlike Wood, who
had thought that the impinging atoms were either reflected or
condensed, Langmuir postulated that all atoms were condensed, but
only remained on the surface for a time determined by
Intensity of substrate binding forces
Substrate temperature.
If an atom remained on the surface long enough for another
atom to collide with it then a pair might be formed, either atom
of which would require more energy than before for re-evaporation.
Thus, the rate of arrival of atoms at a constant substrate
temperature would be cJosely related to the rate of ntc1eation.
Frankel

in 1924 extended Langmuir's theory of nucleation by

suggesting that there existed a critical nucleus size at which the
nucleus free energy reached a maximum. Below this critical size,
growth is not probable because the free energy of the nucleus
would increase with the addition of a further atom,and this is not
favoured thermodynamically. Above the critical size growth is
probable because the free energy will decrease with the addition
of a further atom. From his theory Frankel reasoned that the
probability of nucleation would depend on substrate tempeatures
and incidence rates, which would themselves be mutually dependent.
This theory is still considered basically valid, but more modern
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ideas of nucleation theory will be considered in chapter 2.
_Film Surfaces. The properties of the surface of a thin
metallic film may depend on
The type and purity of the metal used.
The preparation, layout and environmental conditions
during film formation.
The history of the surface after film formation.
For surfaces prepared by condensation from the vapour phase
of the meta1.an example can be given for each of these possible
dependencies. Since the work function value of a metal tends to
be peculiar to that metal (can be from 2 to 6 eV), the type and
purity of a metal can greatly influence the electron emission
properties of a surface. One atomic percent of titanium in
rhenium gives a surface work function approximately 2 eV lower
than that of pure rhenium

As shown in section 1.2.6. 1 the

type and state of the surface onto which the condensation takes
place, together with the metal vapour density, largely determines
the crystallographic structure of thin films, and hence the
crystal orientation, at the surface. It has been amply shown for
tungsten that the work function is dependent on surface crystal
structure. The work function can be over 5 eV if the surface is
predominantlyr of the (iio) plane 35 but is approximately 455 eV
if polycrystalline (36)• It was shown in section 1.2.5. that gas
adsorption by metal films can rapidly take place even at low

pressures which can modify the electron clouds of surface atoms.
This modi Leat.ioi reu1tz in a aurfaec potential. which can
increase or decrease the effective work function of the surface
depending on how the adsorbed atoms or molecules are integrated
Huber and Kirk (29) have shown that
with the film surface (30)
for water vapour on alu.miniuin, the surface work function is reduced
by approximately 1 eV. This reduction with water vapour is a
relatively Last process, but much slower processes frequently take
place. At atmospheric conditions of pressure and temperature an
oxide on aluminium takes approximately one week to grow to a
thickness of 20 angstroms

During this period the surface

potential changes by approximately 350 mV, causing an increase in
the effective surface work function by this amount
The crystalline structure and composition of metal surfaces
have been investigated by employing various experimental techniques.
These techniques can be classified as follows
The monitoring of surface work function and the
study of gas adsorption. This leads to deductions
concerning chemical bonding

at the surface,snd

gas molecule interactions. with film surface atone.
Eley and Wilkinson (39) and Huber and Kirk (29)
have used this technique in the study of aluminium
surfaces.
Optical microscope. The best resolution possible
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of the optical microscope is approximately 5000
angstroms which is inadequate for studies on an
atomic scale. However, optical microscopy can
show up surface blemishes such as scratches, smears
and dust particles.
Electron diffraction.
Electron microscope.
X-ray diffraction.
Field emission and field ion microscope.

The last four techniques have been discussed by Pashley
otIrs (4)

and

and allow surfaces to be examined on an atomic

scale. The resolution possible with electron microscopes varies
from ri100 angstroms wibh the scanning electron microscope
to less than the spacing of neighbouring atoms ('3 angstroms) with
the field ion microscope

Using electron diffraction it has

been possible to determine crystallographic surface structure, and
to detect and examine foreign atoms incorporated into metal
surfaces. Many workers have been able to examine the growth and
adsorption behaviour of metal films using microscopy and
diffraction. This has led to an understanding of nucleation,
growth and surface phenomena of thin films.
1.3. Application of Thin Films
Thin films prepared by vacuum deposition have been used for
several decades in the optical industry. It - is however more recent
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that their magnetic and electrical properties have been
commercially exploited. The electronics industry in its quest for
smaller, cheaper and more reliable electrical circuits has found
many uses for thin films. Thin films prepared by vacuum deposition
may be active or passive circuit elements, or interconnecting
patterns for circuit elements. The function of these films depends
on the materials deposited, the sequence of depositions, and the
geometrics of the deposits.
Thin film resistors and capacitors having useful values of
resistance and capacitance with quite predictable characteristics
can easily be manufactured, unlike inductors which can only be
made with very small values of inductnce Several review articles
(Lu)

have considered such passive elements in detail, with

particular reference to chromium alloy resistors and capacitors
with silicon oxide as the dielectric material. Active devices
directly prepared by vacuum deposition have not yet proved
themselves to be serious competitors to the conventional type of
device. Great effort has been expended by many workers towards
this end. Providing the momentum is maintained, it seems likely
that a reliable thin film transistor will eventually be developed.
At present the most probable type to become successful appears to
be the field effect transistor (5). However, as vacuum techniques
become more sophisticated it may become possible to make the
necessary thin dielectric layers and single crystal structures
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necessary for good hot electron (!.6) and bipolar

types of
iT w iringfl

device respectively. Making thin-film interconnection

patterns is relatively straightforward using pure metal films
having a thickness of typically a few thousand angstroms. The
desired pattern is either vacuum deposited directly, or
alternatively, it is etched from a suitable low resistance layer
over the entire circuit area.
1.4. Object of this Investigation.
Entire electrical circuits made by vacuum evaporation and
deposition provide a very attractive method for circuit
manufacture. The only reason for this not being completely
realised successfully is the lack of a reliable active devices
Thus, it is very importnt that all of the possible ideas which
may lead to its development be examined. In order to

i;C

in a

position to do this it is essential that the properties of
materials which may be used for making devices are well understood.
Since vacuum deposition almost certainly results in thin films,
(say less than a few thousand angstroms) it is the properties of
thin films and not of bulk materials which must be considered.
This is an important point because the properties of bulk material
are not necessax1y the same as these when the material is in a
thin film form. A good example of this is the electrical
conductivity of metals as discussed in section 1.2.
The state of the surface of a thin film is very closely

0

'EL

related to its electrical properties. and hence it seems only
reasonable that any apparatus used for an investigation of
electrical conductivity of thin films should have incorporated
into it some means of surface examination. Not all of the methods
outlined in section 1.2.7. for examining surfaces were available
for this work. Only two of these methods were initially available.
These were firstly work function monitoring and the study of gas
adsorption, and secondly the scanning electron microscope. Optical
microscopy was not considered to be a useful possibility because of
its resolution limitation.
The materials considered for evaporation were gold, silver and
aluminium. Gold and aluminium are frequently used in thin film
electronics, and silver aot only had several properties similar to
gold, but also, like aluminium, is known to form an oxide. Since
freshly prepared metal surfaces even under high vacuum can be very
quickly covered with oxides, water vapour layers etc., it is
essential that a good vacuum be maintained during the investigation
period. This appears to make the scanning electron microscope
helpful only if either the films are prepared in the microscope
itself, or if no significant change occurs to the film surfaces
during the transfer period of the film from the vacuum chamber
where it is prepared to the microscope chamber. Preparation in the
microscope is not considered a possibility for two reasons:
firstly the space limitation in the microscope chamber and secondly

.19

the relatively poor vacuum conditions present. Transfer to the
microscope for examination is certainly useful because any surface
contamination on the film does not usually show up unless it has
led to electrostatic charging of the surface. Unfortunately, this
use of the microscope would only allow examination of the surface
of the film some time after its formation, and not during or
immediately after formation while it is still in a high vacuum
chamber. Hence the method of monitoring the work function and
studying gas adsorption would appear to be best suited for this
investigation. Accordingly, much effort has been directed
towards developing a suitable method for monitoring the surface
work function of thin films. The work function measurements can
then yield information on the state of the surface of the metal
films, which can be used to explain changes in conductivity of thin
metal filnis during and after their formation by vacuum deposition.
It is hoped that this investigation will contribute towards a
better understanding of thin metallic films which may someday
provide the active devices necessary 'for a totally vacuum
desposited circiiit. tcchnolgy.
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CEMTR,
THEORETICAL WORK ON THIN FIIMS.
Introduction
It is proposed to monitor the surface work function of thin
meallic films to explain electrical conductivity changes which
can occur as a result of surface effects. Both the work function
and the conductivity of a thin film are very much dependent on its
structure and composition. Consequently, this chapter is devoted
to outlining theoretical work which can relate work function and
conductivity to the structure and composition of thin metallic
films. This work is used to establish relationships, suitable for
this study, between surface work function values of thin metallic
films and their corresponding values of electrical conductivity
or resistance. Thus, there are three sections in this chapter.
There is firstly the electrical conductivity of thin films with
various different types of surface effect present, secondly, work
function of different thin film structures, and thirdly the
expected variations of conductivity or electrical resistance with
surface work function for these films.
2.1, Conductivit
2.1.1. Bulk Meta1s. The analysis of electron conduction in
metals is made more complex than for bulk conditions if surface
effects have to be considered. Thus before examining thin films
with these complications it is useful to consider the conduction
of electrons in bulk material. It can then be shown how ideas
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of conduction for bulk conditions can be suitablymodified to take
account of, at least qualitatively, the special case of thin films.
E1eôgwaves can propagate through structures having periodic
potential fields with no loss of energy provided the structures
showed that as a result of the

are exactly regular. Bloch

wave structure of an electron, it can pass through the periodic
potential of a perfect crystal lattice with no loss of energy. If
an electric field is applied across a conductor having such a
structure) then conduction-electrons will constantly increase their
energy by an energy exchange process with the apie d fld until their
associated wavelength is such that they interfere with the lattice
structure.

This will result in the electrons being elastically

scattered.

However in real crystal lattice structures, scattering

caused by deviations from the perio4 3icity of the potential field
on'e,iurn
will result in the electrons losing their -onorgy by anolaotia
collisions much more probable A.-a

Ry

nuffring olaetio oollioio

Hence these lattice deviations will largely determine the
conductivity of metals.

-

In 1928 Sommerfeld
metals of Drude

modified the electron gas theory of
and Lor'entz (50) by replacing the Maxwellian-

Boltzmann distribution then used with Fermi Dirac statistics. This
led to the following expressions for the carrier density and
conductivity of a pure metal

i.L
3
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and

=

n.e.___

(2.1.2)

where G = Conductivity
n = Number of electrons per unit volume
-e = Electronic charge

A = Mean free path of charge carriers
m

Mass of electron

Vf = Fermi velocity
h = Planck's constant
In the above equations the velocity used is the Fermi
velocity, (Vf), which is the electron velocity corresponding to
the Fermi energy. The mean free path (A) is the average distance
an electron travels between collisions, and is related to the
Fermi velocity through a relaxation time constant

.
C C).

This relaxation time is classically described as the time an
electron would take to come to equilibrium by collisions alone if
an applied electric field was suddenly removed. More simply it
can be regarded as the mean time between' collisions at lattice
points where deviations from periodicity exist. The probability
of collisions taking place at different types of deviations are
statistically mutually exclusive and hence additive. Fu.rthermor,
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these probabilities are inversely proportional to the relaxation
times associated with each type of deviation, and hence the overall
relaxation time T

can be expressed in terms of a sum involving

the individual times of each type of lattice imperfection.

J

i.e.

(2.1.1k)

T

Where Tk is the relaxation time of the kth type of a total of
) distinct types of deviation. From equations (2.1.3) and (2.1.1)
the total resistivity, (,), of a metal is proportional to the
inverse of the relaxation time and hence using equation (2.1.4) the
following result is obtained

rl

(2.1.5)
This is Matheissen?s Rule (51) and can be stated as:- the
total resistivity of a metal is equal to the sum of individual
resistivity values all of which can be accounted for by ascribing
to each' one a different type of lattice potential imperfection.
Matheissen's Rule is valid provided the number of free electrons is
not changed by the scattering mechanisms present, and that the
vibrational spectrum of the lattice is undisturbed. Sondheimer
(52) has shown that provided the free electron theory is applicable
then the error involved in using this rule is usually less than 1%.
In practical terms, provided the number of lattice imperfections is,
less than, say, 10% of the total number of atoms, then Matheissen1s
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Rule can be used.
The various types of imperfection which occur can be
en
convently classified for bulk metals into:(j)

Lattice vibrations
Lattice defects
Lattice impurities

Lattice vibrations are caused by thermal energy in the lattice
and are characterised for each metal by a Debye temperature,

(er ).

The temperature corresponds to the maximum frequency,'V, , (the
Debye frequency) in the frequency spectrum of lattice vibrations,
and related to

where

by

= Planck's constant
k = Boltzmann's constant

as a result of
(?.r)
lattice vibrations is temperature, (T), dependent but provided that
The contribution to the total resistivity

T >> 2..

e, , then the relationship is
(T
yr

which is normally aplcle since

(2.1.7)
for most metals is a few

hundred degrees Kelvin..
Lattice defects can occur

as

point defects, dislocation or

grain boundaries. The contribution to the total resistivity as a

25.

result of structural defects,

(a),

is virtually dndopendënt of

temperature for reasonably small temperature excursions of say less:
than 100 0 C., and, also provided that the lattice vibration spectrum
is not altered.
Ltticc Impurity scattering occurs when foreign atoms are
present in a metal. Their effect on resistivity can be very
pronounced. One atomic per cent impurity may double the total
resistivity. The contribution to the total resistivity as a result
of impurities, (r), is virtually independent of temperature for
most materials and impurities.
Hence by MatheissenTs Rule the total resistivity of a bulk
metal is given by

When very thin samples of a metal are considered then two
other terms must be added to the right hand side of the equation
(2.1.). They are firstly, a term to allow for the influence of
the boundary on the resistivity,(), and secondly a term
representing the contribution to the total resistivity caused by
the method of preparation,() (25). Thus the complete resistivity
expression for thin metal films, provided. Matheissen's Ru' c.n be
applied, is

...= ç.

.+ç

++ç,

(2.1.9)
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21..2. Surface Effects on Continuous Films. Thin continuous
metallic films prepared by evaporation and deposition of the metal
in vacuum can have their resistivities changed by one or more of
the following processes:Heat treatment
Overlayers formed by vacuum evaporation and deposition
of the overlayer material.
Gas adsorption. and oxide growth
Alloy formation on the surface, and foreign atoms
diffused into the film.
Other processes exist which could cause changes in
resistivity, but only the above are considered in this study.
a) Heat Treatment has been shown by Meyer
and others

Lucas (19)

to have an effect on the conductivity of thin gold

films grown on an amorphous substrate with a nucleating layer of
bismuth oxide. The change in conductivity as a result of the heat
treatment can be explained in termsof the scattering parameter,
(P), in the Fuchs-Sondheimer (13) (li) theory changing from a
value of close to zero to approximately O.. Structurally the
gold film grain size increases on annealing, thus tending to go
from polycrystafline to single crystal, although the latter is
never-actually achieved in practice. Meyer

made a detailed

study of this annealing process and concluded that oxygen, and
possibly other gases, interact with a hexagonal surface phase on
the gold film which acts as a wetting agent in the reduction of
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surface tension forces. By using bismuth oxide

-

as

the nucleating

layer, films which have conductivity values of close to bulk can
be obtained even at thicknesses of only 60 angstroms (19), It is
probable that a reaction with the oxygent in the nucleating layer is
responsible for these thin gold films being continuous. The
conductivity values: of a series of thicker films prepared by
Chopra,Bobb and Francombe 55 by sputtering gold on/to mica
substrates: confirm that the scattering parameter, (P), is close to
unity for single crystal films. For polycrystalline gold films
deposited on cold substrates the conductivity values measured by
these authors suggested a low value of scattering parameters and
many structural defects which also contributed to the high
resistivity
For more crystalline deposits on hot substrates the film
structure is still considered to be largely responsible: for the
resistivity-thickness variation. Hence these authors do not
attribute all of the

change

in resistivity to only one cause when

thin gold films are annealed. It is reasonable to assume that the
resistivity attributable to lattice defects, especially grain
boundaries., in a thin polycrystalline metallic film will also
change when the grain size is substantially increased. No
experiments have been reported which attempt to differentiate
between the effects of surface scattering changes and those of
grain boundary changes when thin gold films are annealed in air.
(HG)

•.

Feldman, however, reported that the effective mean free path
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should be essentially that of the grain size when the grain size
is small in all dimensions. This is largely confirmed for bismuth,
which has a very long mean free path at room temperature, where an
approximately, linear relationship between crystallite size and
conductivity was obtained.
b) Overlayers deposited on thin films may be of conducting or
dielectric material, and may be continuous or discontinuous. For
a continuous overlayer on a continuous metallic film the theory of
Lucas (19) for the conductivity of a two layer structure can be
employed by making the following assumptions:1) Electron-phonon collisions are diffuse.
Parameters (F) and (Q) give the fractions of conduction
electrons stecularly scattered at the film surface.
No scattering of conduction electrons occurs at the
interface of the two layers.
The composite films are infinite in the x. and y
directions, and of uniform thickness in the z direction.
A. complete derivation of the equation for conductivity changes
with continuous metallic overlayers in a film structure as shown
in figure 2.1.1. has been given by Lucas (23)

=
C.

(2.1.10)

The significance of the symbols in equation (2,1.10) is explained
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in figure 2.1.1.
If the overlayer is of a dielectric material, then the
thickness, (b), is effectively equal to zero for all x and y, and
equation (2.1.10) reduces to

Thus provided the overlayer is continuous, the above theory
can yield calculated values of conductivity which agree with
experimental results. However, if the overlayer is discontinuous
then the assumption that the layer thicknesses are uniform for all
values of x and yr may not be reasonable. Nucleation and growth of
an overlayer of gold on a continuous film of annealed gold has been
shown

to go through stages of nucleation, island formation,

island coalescence, and af;er a mean overlayer thickness of about
100 angstroms, anoverlayer struct'e is obtained which is almost
continuous.

A very good demonstration of the fact that a quite

separate gold layer grows on an annealed gold film surface is that
the gold overlayer can be stripped off with Scotch Tape

). Thus

for overlayers of low mean thickness, say less than 100 angstroms,
care must be taken in applying equations (2.1.10) and (2.1.11)
since the overlayer thickness, (b), may vary from zero to over 100
angstroms over the surface. For dielectric overlayers it will be
more important how much of the underlayer surface is covered with
dielectric, rather than the mean thickness of the overlayer.

100
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Referring to figure 1.2.2. the shape of the curves will be
dependent on the growth process of the dielectric on the surface
of an annealed gold film. On a qualitative basis, it is reasonable
that for conducting overlayers the actual growth process will
largely determine the change in conductivity of a composite
structure, at least up to the point where the overlayer approaches
continuity. Present theory however, because of its formulation,
usually results in conductivity or resistance changes being shown
graphically as a function of the mean overlayer thickness.
Ascribing a scattering parameter (F) to a film surface and
postulating that it changes with the addition of an overlayer, at
least for the case of thin annealed gold films on bismuth oxide,
as a function of the mean overlayer thickness, may be better
descrbed as follows. The original annealed gold film is almost a
single ciystal with a surface scattering parameter (F) of
approaching

which results in th' conductivity value being

close to that of bulk. Wtien an overlayer is grown on the surface
it will cover an increasing area. of it as the mean thickness
increases. Figure 2.1.2. gives an indication of how this might
take place (2. If the overlayer is polycrystalline, conducting
and discontinuous, then diffuse scattering will occur in the
overlayer islands, but specular scattering will still occur at the
areas of the surface where. no: overlayer has yet grovrnG The result
is an average soatterixg parameter having-- -a value starting at
approximately on

and decreasing as the overlayer grow, ut is

the result of the two distinct values for different areas of the
film structure. Depending on bow polycryttalline the overlayer is.
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the average scattering parameter may be any value between

and

zero as the mean thickness increases. For a dielectric overlayer
the almost single crystal (gold) film will be disrupted at the
areas on the surface where deposition and overlayer growth has
taken place.

This will result in the scattering parameter being

something less than an;/ for these areas. A consequence of this is
that the average scattering parameter will be reduced, and hence
the resistivity of the (gold) film will increase. Experimental
results for silicon monoxide overlayers on annealed gold films can
be explained by assuming that the scattering parameter is urfor
the original film but is approximately 0.8 at areas covered with
dielectric. Figure 1.2.2. shows experimental curves for
resistivity changes with dielectric overlayers on gold films. The
resistivity in each case, as expected, reaches a constant value
correspor4U.ng to complete coverage of dielectric.
The mean overlayer thickness at which the resistivity first
becomes constant varies for these films from 20 to 50 angstroms.
This is the order of thickness at which it is expected that a
vacuum evaporated material such as silicon oxide would form a
practically continuous layer on a crystalline substrate.
Experimental results for gold overlayers on annealed gold films
are complicated by the fact that the overlayer has a shunt 4.ng
effect on the film resistance since conduction electrons are
considered free to cross the interface without hindrance and enter
the conduction band of the overlayer material, and vice versa.
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However, the results; can still be explained by having two distinct
scattering parameter values for different areas of the films. The
explanation is consistent with the expected thickness of an

overlayer before continuity is obtained. Figure 1.2.1. shows that
at an overlayer thickness of approximately 20 angstroms, on an 80
angstrom thick annealed gold film, the rate of change of resistance
as a result of changes in the electron scattering is equal to that
as a result of the shunting effect of the overlayer. Meyer

(se)

found that for such structures the overlayer only became continuous
for a mean overlayer thickness greater than 120 angstroms. The
derivation of a mathematical relationship between the growth
process of a conducting overlayer on a metallic film and the
resulting change in conductivity involves a great many assumptions.
These assumptions concern the following points:-.
i. The size, shape and density of the overlayer islands
and how they change up to the formation of a continuous
overlayer.
ii) Conductions in islands which may have dimensions all
less than the bulk mean free path of conduction
electrons in the bulk material.
Ili) Contact potentials at the layer interface and the
possibility o1 islands being charged.
In principal it is possible to derive a conductivity equation
to take account of the overlayer growth process. in order to show
that such an equation can yield conductivity changes in agreement

av
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with experimental results an equation for a particular assumed
type of overlayer growth is now derived.
Consider a section of a thin metallic film as shown in figure
2.1.3. with a discontinuous overlayer (shaded areas) having a unit
structure as shown in figure 2.1.4. The electrical resistance in
the x direction is made up of two terms, one for the parts of area
A l2 A2 , A and A 5 with no overlayor and another for the part of
area A3 with an overlayer of thickness T. In the parts with no
overlayer the electron mean free path is f\,, and the scattering
parameter at the upper and lower faces is Q 1 , and P respectively.
The resistivity of these parts,(

) is given by

(, , F, A,
Wh€'e

is a function which can be easily derived from

equation (1.2.7)
For the parts with an overlayer of thickness T the electron
mean free path in the overlayer is t\, Q 2 is the scattering
parameter at the upper face, and the ovorlayer/underlayer interface
is considered completely transparent to the passage of electrons.
The resistivity for these parts, (

), assuming completely

spectral electron scattering on the vertical sides of the square
islands, is given by

• 3Lf.

Where (f2 ) is a function which can be easily derived from

equation (1,2,11).
Combining equations (2.1.12) and (2.1.13) the resistance (R)
of one unit, as shown in figure 2.1O3.. of the section considered
is

(2.l.i1)

R2 R:k

is the resistance of area A1 in x Orectio n.
R2

is the resistance of area A2 in x direction.

R3

is the resistance of area A3 in x direction.

RJ.F

is the resistance of area A1

R5

is the resistance of area A5 in x direction.

in x direction.

Substituting for Rl to R 5 in equation (2,1.14) yields

__

.4.

65

(2.1.15)
F+T

~

\2- 3

Thus, the ratio of the resistance with an overlayer thickness
(T), to the resistance with no overlayer, (Ro), is after
s implif ication

1

+

(2.1.16)

But recognising from figure 2.1.4. that the fractional area

03) of the underlayer covered by the overlayer is
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1'

Cj

(2 • 1.17)

b
and

(2 • 1 • l)
equation (2.1.16) can be written as

F

)S

(2.1.19)

In order to relate the actual overlayer thickness (T) to the
mean overlayer thickness (t), it is necessary to express the
fractional area, (0), in terms of the thickness (T) 0 A reasonable
approximation to the shape of the growth curve shown in figu.re 2.1.2.
is

e=

(2 • 1 • 20)

Where t is a constant dependent on the materials and growth
conditions considered. Several published works show that equation
(2.1.20) can be in good agreement with experimental results
(60) (se)
Using equation (2.1,20) the thicknesses (T) and (t) are
related by
t
=

(2.1.2l)
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Substituting for

(e)

and (T) from equations (2.1.20) and

(2.1.21) respectively in equation (2.1.19) yields
.

(

) (

RO

rJ.!c/)

/l

)

The plan view of an area of a film made up of a great number
of the sections shown in figure 2.1 0 4. is sketched in figure 2.1.3.
The fractional change in resistance with overlayer growth of such
a composite film is described by equation 2.1.22), just as for an
individual section, provided the film area considered is made up
of many individual sections.
Assuming T ,E) t' v.

''2)

and Q2 to be constants it follows

from equation (2.1.22) hat the fractional change in resistance is
a function of only the moan overlayer thickness, (t). In order to
compare values calculated from equation (2.1.22) with experimental
results, the particular case of a gold overlayer on an annealed
gold film is considered with the following values ascribed to the
required parameters used in figure 2.1.1+.
F =60P\
\= 1O0A
250
V2 =0.9
Q I = 0.9
Q.= 0.0
Figure 2.1.5.
2.1,5. shows how the ratio

/R varies as the mean

120k0

15,4
115
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overlayer thickness increases from zero to 50 angstroms for three
different values of 7
Experimental points obtained from
reference (23) are also drawn on this graph. The best-fit lines
through these points lie close to the theoretical curves, which
make the assumption of the form of equation (2.1.20) for the
overlayer growth appear reasonable.
Agreement between the predicted resistance changes for a
thicker film,

(5!.), and experimental results, is not quite so good

as the agreement for 60 films, the results for which are shown in
figure 2.1.5.

Figure 2.1.6. shows the resistance rtio

drawn asa function of overlayer thickness, (t), for four values
of

The experimentally found curve (23) (61) approximately

follows the shape of th theoretical curve for t = 251\, but is not
very close to it,and hence figure 2.1.7. was drawn up for various
values of (F) with t = 25A. It can be seen that a value of P
= 0.96 gives a .better fit to he experimen.afly found Purve than
Por P = 0.9 on figure 2.L.6. For figures 2.1_5., 2.1.6. and 2,1.7,
it was assumed that , 0.9 in agreement, with others (23)
(17)• If however,

is made equal to '(P). then for

(se)

(16)

25

figure 2.1.E, shows that the curve generated for a value of P =
= 0.94 is a reasonable fit to the experimental curve. Hence the

simple overlayer model based on equation (2.1.20) can be made to
fit experimental results by selecting suitable values for the
scattering parameters (F) and (Q) with Q 2. =

00
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c) Gas Adsorption can have a marked effect on the
conductivity of thin metallic films. Cl' the commonly occurring
gases, oxygen is perhaps the most important since it is known to
chemisorb readily on many metal surfaces and can cause substantial
resistance changes (29) (39)• With sufficient time exposure to
oxygen, or gases containing oxygen, some metals oxidise to a depth
of many monolayers in a surface layer, with a resulting increase
of electrical resistance. When gas molecules are chemisorbed on a
metallic surface then the conduction electrons of surface metal
atoms are influenced by the - presence of cherisc'rption bends. This
influence can be quantified by defining an electron requirement for
the metal. It is defined as the number of conduction electrons
removed from the metal per chemisorption bond.(30). An equation
for tI-.e number of molecules or atoms adsorbed can be derived as
follows. For gas molecules having an-average velocity (V a )
and a density of n per unit volume, then the number of collisions,
(N), that the gas particles have with a planar surface within the
volume is
N = "a collisions/unit area/unit time

(2.1.23)

As given by classical kinetic theory.
If the collisions occur at a surface which is not planar on an
atomic scales then equation (2.1.23) is modified to
N' =N'nV
Where

collisions/unit area/unit time

(2.1.24)

is the roughness factor, which is defined as-

039.

ratio of actual surface area to apparent surface area.
After a time (t) a fractioni. (B) of the surface is covered
with adsorbate.,and in a further time

(N) the surface density of

adsorbed gas particles,. (d), increases by an amount (L d) given by

(2.1.25)
Where S(s) is the sticking coefficient which is defined as,
the probability of an impinging gas particle being adsorbed when
the fractional surface coverage is

e.

Taking Lt to the limit,

equation (2.1.25) becomes;

(

5(e). it

.

( 2.1.26)

For most cases the sticking coefficient, S(e), decreases as
the fractional coverage., , increases, until it becomes equal to
approximately zero at

0

I. According to equation (2.1.25) this

represents a stable arrangement of the adsorbate and adsorbant gas
particles since no further adsorption will take place. At
equilibrium, providing the adsorbing particles, do not diffuse
into the bulk, the number of molecules or atoms adsorbed is dependent
on the number adsorbed per active site, and the number of
adsorption sites available.
The electron requirement (E), has been shown to be a
function of fractional coverage,

(e)

(29), Thus the increase in

electrical resitance,I, which occurs when a surface with, (d),

10.

adsorbed gasP particles constituting a fractional coverage

(e)

adsorbes a further Ld, is given by

(2.1.27)
Using equation (2.1.25) and assuming that the collision
frequency N 1 is a constant (this is true for a constant temperature,
pressure and volume of gas) the expression for the change in
resistance becomes

L.R

<

(2 • 1 • 2)

Assuming that the adsorption is taking place on a thin
metallic film having a resistance R 0 before adsorption started,
then on taking Lt to the limit the equation for the total
resistan(_3 R of the film after a time t is

R=

( 2.1.29)

Where C is a proportionality constant. Equation (2.1.29) is
applicable for all

I, i 0 e 0 up to monolayer coverage. When the

quantity of gas adsorbed corresponds to more than one monolayer
then one of two different processes is taking place. The adsorbing
particles may be forming an overlayer on the adsorbing sur.?ace, or
the adsorbed particles are being incorporated into the bulk of the
adsorbate.

An example of the first process is the adsorption of

water vapour onto an aluminium surface already pre-exposed to

For the second process a good

oxygen to monolayer coverage (29)

example is the oxidation of a. metal su..-'face, where an oxide may
form to the thickness of many monolayers with sufficient oxygen.
exposure. The electron requirement is proportional to the number
of oxygen molecules or atoms adsorbed during an oxidation process,
when each will remove the same number of conduction electrons.
Hence the increase in electrical resistance of a thin metallic
film as a result of oxidatiorv, is proportional to the number of
oxygen atoms incorporated into the oxide layer.
d) Alloy Formation and Forei an Atom Diffusion occur when metal
—

atoms. are deposited on metal substrates. A metal atom can do one
of the following when it condenses on a metal substrate:Folim, with cther cond9nsing atoms, an overlayer on the
substrate.
Re-evaporate from the surface.
Form an intermetallic compound with the surface atoms
of the substrate.
Diffuse into the bulk of the substrate.
Case (i) has already been considered in this section, and case
(ii) is negligble for metal vapour condensing on cold substrates.

The effects of cases (i...i) and (iv) on the electrical conductivity
of thin metallic substrates are now examined.
Pashley

has described the results of experiments which

show that alloying can take place even when the substrate

temperature is such that bulk diffusion of the metals is
negligible. For very low mutual solublity of the two metals then
the condensing metal atoms form nuclei/ on the substrate surface.
An example of this is gold on silver surfaces. However, if the two
metals are reasonably soluble then alloying occurs. Experimental
evidence obtained by Newman and Pashley (62), and others 63), for
the deposition of metal layers on metal substrates suggests that
condensing metal atoms can penetrate a substrate metal surface
slightly, resulting in a region of mixed components being formed it
the interface. Shirai et alia (63) have shown that, for example ()
,
aluminium deposited on silver, the surface region is in the form
of interxnetallic compounds of the substrate and condensing atoms.
Thus with the metals used in this work it is expected that
appreciable alloying will take place when aluminium is deposited
on si1ve. film surfaces, but not for gold on silver or vice versa.
The effect of surface alloying on the electrical resistivity of a
thin film can be attributed to two processes. One of these is the
reduction of the mean free path of the electrons as a result of
impurity, scattering in the surface region where alloying has
taken place. Assuming the Fuchs-Sondheimer-Lucas

theory,the

other is a change in the scattering parameter, (P), at the film
surface. Provided (F) is not zero, (completely diffuse surface
scattering), before alloying takes place, it is expected that (P)
will be decreased. Both processes cause an increase in resistivity
for thin films, which may be appreciable if either the change in
(F) is large or the depth of alloying represents a significant
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proportion of the film thickness.
The diffusion of deposited metal atoms into a metallic
substrates is dependent on the particular combination of metals
used, and the temperature of the substrate. Deposited atoms, when
dzifftsed into the crystal lattice of a metal, cause an increase in
the electrical resistivity as already discussed in section 2.1.1
In this work., changes in resistivity of metallic films which are
attributable to the diffusion of deposited atoms into the bulk of
metallic substrates are not desired. Hence, in order to minimise
this effect, it is preferable to have substrates at as low a
temperature as possible and to use only very pure metals.
21.3 Discontinuous Films Conduction in an aggregated film
structure has been shown to be a. thermally activated process

(6)

However, the values of activation energy found by experiment were
too small to be explained on the basis of the work function of the
metal constituting the islands. Neugebauer and Webb (64) in 1962
explained the activation energy as that energy required to charge
an island by making available one electron for conduction. It was
proposed that direct quantuia. mechanical tunneling of the electron
then took place to an adjacent island. This theory was modified
by Swanson

who made allowance for possible tunneling between

au. four combinations of charged and neutral islands. Both theories
give approximately the same results for conductivity values, but
differ significantly" in the relationships between aggregate
dimensions and temperature coefficient of resistance. Hartman

in 1963 accounted,- for the activation energy in a different way.
He postulated that because of their dimensions, there existed in.
the islands quantised electronic states with significant level
spacing. Since tunneling can only take place between equal energy
leve-is, the electrons would firstly - be raised to the energy level
corresponding to' an adjacent island, and then tunneling - would take
place- between the neutral particles. Also in 1963 Wei

(10)

compared conduction in an aggregated structure to that in a semiconductor. He suggested that the metallic microparticles act as
donor impurities and the substrate contributes acceptor impurities.
The density of these impurities then determines the activation
energy. Following on from this work Hill
Rhodin

(66)

(65) and Herman and

investigated the possibility of the substrate playing

a siiificant part in the conduction process. Both conclude that
conductin takes place through the substrate, and not, as had been
earlier thought, through the free space between the particles.
Although all the above- theories have

c. rent explanations

for the conduction process, they result in a common expression for
the conductivity(.

wh:L1:.

5e written s

/
,
'\
ç.!-• /kT)

Where K is a constant
P is the electron

tnn

E is an activation energy.

roitt7

(2.1.30)
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k is BoltzmannIs constant
T is the absolute temperature
Hill (9) (67) has recently developea theory to account for
the conductivity of aggregated metal films using quantum
electronic tunneling and thermionic emission theories. He
considers all combinations of islands and gap sizes, and the
results can be summarized as:Small particles and small gaps. The activation energy
is high and a tunneling process is dominant because of
a short tunneling path length.
Small particles and large gaps. Activation energy is
high and therrriionic emission takes place into the
conduction band of the substrate. If the gap is
larger than the mean free path of charge carricrs in
the substrate then the conduction is limited by bulk
conduction in the substrate.
Large particles and large gaps. Activation energy is
required 'or either thermioni.c emission or bulk
conduct ioii-, i the

bstrate. Condctiv±ty is limited

by the gap independence.
Large particles and small gaps. Activation energy is
small and the conductivity is approaching that of the
bulk material.
In order to see how the conductivity of an aggregated
structure varies with temperature equation

(2.1.30) is

0
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differentiated with respect to temperature T. Assuming that K, P
and E are independent of temperature tne result is

±

(2.1.31)

i 0 e 0 the temperature coefficient of resistance is negative for an

aggregated structure, unlike a bulk metal which has a positive
coefficient. Thus a structure of type (iv) above can have a
temperature coefficient of resistance which may be positive,
negative or even zero.
Work Function.
22.1. Definition of Work Function, The term work function first
appeared in scientific literature approximately fifty years ago
(6) ihough the concept was implied in many earlier works. Work
function has been defined in a variety of ways and has several
physical interpretations. However, these definitions and
interpretations are, with only a few exceptions, complementary to
each other. The tri; iork function

of a ni:orm surface of an
(69) as the
electronic conducto is defined by Herrings and Nichols

difference between the electrochemical potential,

of the electron

just inside the conductor and the electrostatic potential energy,
-e4 0 ,of an electron in the vacuum just outside it.

(/e)

(2.2.1)

The quantity

is dependent not only on volume properties of

a bodyy, but also on the surface and external conditions. A chemical
potential,/-j, can be defined however, which is independent of surface
and external conditions by

(2.2.2)
Where

LC

is the electrostatic potential inside the conductor.

Substituting for M from equation (2.2.2) in equation (2.2.1)
yields

(2.2.3)
Thus the work func';ion can be expressed as the sum of two
terms, one of which is dependent upon surface state and volume
properties, the other dependent on the structure of the interior
only. Alternatively work function-can be defined as an
ionisation energy (10)

For example Gyftopoulos and Levine (71)

define the true work function of a metallic surface as the minimum
quantity of energy required to remove an electron from the surface
of the metal at 0 ° K. This definition will apply at temperatures
greater than O °K provided the electron removed has an energy
corresponding to the Fermi energy level of the metal. The latter
definition is very similar to that used by several others (72) ()
especially if it is understood that the emitted electron is removed
beyond the potential image barrier created by its own removal i.e.

0

an infinite distance.,so that the potential energy of the electron
is reduced to zero. Dobretsov and Matskevich

have given a

rather compelling argument for work function being a predominantly
surface rather than bulk property in contradiction to Samsonov et
al

who believe work function to be definable in terms of

bulk properties. Considering the physical interpretation of work
function, it becomes apparent that it is the surface state and
composition which is all important.
Although work function has been explicitly defined by
equation (2.2.3) it does not readily permit of theoretical
calculation. The chemical potential can be calculated by making a
few reasonable assumptions (69), but the first term in equation
(2.2.3) is dependent in an extremely complex way on surface
structure, state and composition such that calculations of it can
not be reliably made except in a few hypothetical cases. Thus at
present the work function of a surface is better defined in
physical terms rather then in mathematical terms i.e. by accurately
stating the structure, state and cornpositionor exact method of
Preparation of a Surface, its work function is then known, nt by
calculation but by virtue of previous reliable measurements of
work function having been made on an identical surface. In the
past, work function measurements have been reported without this
detailed information, which has rendered them much less useful than
more recent reviews of work function values which have included
many relevant details (69) (76) (77)• The nióst 'ecent and
certainly the most comprehensive of these reviews is by Rivière
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(76) which contains approximately 500 well documented experimental
values of work function for 150 diffe'ent materials.
2.22. Physical Inte r pretation of Work Function, Work function
from the definitions above can then be thought of as an escape
energy for electrons located at or near the surface of a conductor.
The electrons can be emitted from the surface as a result of
thermal, high electric field or photoelectric effects. Itskovich
has considered the work function of different types of
electron emission. He concludes that for the same single crystal
face of a metallic conductor

I

I

(2.2.4)

/t

and

(i)?

cc )7

(2.2.5)

is the photoelectric work function reduced to zero

where

field
is the thermionic work function reduced to zero
/t
temperature
is the field emission work function reduced to zero
tie field
and

is the true work function as defined in the previous
section.
Thermionic, high field and photoelectric work functions are

5O.

normally referred to as effective work functions since they
determine the level of the particular type of electron emission
from a surface, unlike the true work function which is a
theoretical quantity. The true work function may vary significantly
from these individual values, the difference being attributed to
the tangential momentum which the emitted electrons may have
Thus the term twork functiont must not be used indiscriminately,
but instead it must always be made clear what quantity is being
referred to when the term is used. Even different crystallographic
planes of the same single crystal have different magnitudes of dipole layers of charge at the surface, resulting in different
values of effective work function for each plane present. Thus,
when polycrystalline surfaces are considered the problem of
interpretation is further complicated. The effective work
functio., of a clean polycrystalline conductor surface is
principally dependent upon which crystal planes are present, in
what proportion, how large these areas are, the conductor
temperature, the effect of any electric fields present at the
surface and the method of measuring the work function. Also,
Lewis

has shown that the effect of irregularities on the - - surfaze

can considerably influence the effective work function value. The
degree of dependence is a consequence of which material is under
consideration since any two samples of different materials, even
with the same crystal structure and environmental conditions., will
in general have different values of effective wot,k function, If
the conductor surface is not tolean! but has adsorbed on it atoms
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or molecules of some foreign species, thet changes will almost
inevitably take place in the electron (-nergies at the surface.
The result is a dipole layer formed at the surface which may
increase or decrease its effective work function depending on just
how the foreign atoms or molecules are bonded to the surface.
This change in work function from that of the uncontaminated
surface is called the surface potential. and is the quantity
frequently monitored during investigations

an work function

changes
For a further physical interpretation of work function which
does not involve the actual emission of electrons into space,
consider two metals in intimate contact at the same temperature.
By free energy considerations, if the metals are connected
electrically externally, with no voltage source present, the
electrochemical potentials must be the seine value in both metals.
From equation (2.2.1) it is seen that this means that electrons
will flow from onn metal to the other until a difference in the
electrostatic potentials just outside each metal equals the
difference in the work function values of the two metals. As will
be seen later this potential, usually called tcontact potential
difference', does exist and can be used to good effect for
investigating work function changes.
2. 2 .3. Surfaces to be Considered. The different types of surface
which are to have their work functions investigated are:1) Single crystal and polycrystalline metal surfaces

52

with no overlayers or surface contamination.
Metal surfaces with gas adsorption taking place at the
surface.
Single crystal and polycrystalline surfaces with
overlayer structures
Metal surfaces where oxygen incorporation or oxidation
is taking place to a depth of perhaps many monolayers.
Each of the above structures will now be considered in turn.
2.2.4, Bare Metal Surfaces. If an electrically neutral Ub o dyfl
consisting of only one atom is considered 1 then the energy required
to remove one electron from the body" is dependent on the
electronic configuration of the atom. Elements which are good
conductors have loosely bound valence electrons which are
removed much more easily than say the electrons of the inert gases.
which have very stable electronic configurations. Thus there is a
large spread of energies required to remove electrons from atoms
of different elements. If not one atom 7 but a large group of atoms
(or molecules) is considered which together make up some form of
crystal structure, then obviously to remove one electron will still
vary depending on the element.$) present. However, one must now
consider how these atoms or molecules arrange themselves at the
boundary of the body" and what effect they have on the eon
clouds associated with each other at the crystal lattice
terminations. The crystal structures of good conducting elements
are mostly either body centered cubic (b.c..c.), face centered cubic

.
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(f.c.c.) or hexagonal close packed (h0c.p.).

The metals

considered in this work, namely gold, silver and aluminium, are of
the f,c.c. type, and the three simplest surface arrangements that
are possible for f.c.c. crystals are the (iii),

(ioo)

and (110)

faces, Other faces are of course possible. The values of work
function for these planes of tungsten crystals (normally a b.c.c.
structure) have been reported to be different by as much as 0.9
eV

(o)

By the same measurement technique others have reported-

somewhat less variation
the (100) and (110) planes
the latter are

especially between the values for
2), The actual values reported by

= 4,65 ± 0.01 eV and

= 5,14 ±

0,01eV.

Although these results are not in very close agreement, they still
demonstrate that different crystal planes can have work function
values which differ considerably. Insufficient data is available
to make a similar comparison for gold, silver, or aluminium faces
since most of, the work in individual planes has been done on. the
refractory metals tungsten and molybdenum. In practice,
imperfections always exist in metal crystals which tend to reduce
the work function of any face..
When metal crystals are prepared by vacuum evaporation and
deposition onto a 'cold' glass substrate the resulting thin film
does not have a single crystal structure. Instead it is ;omposed
of many small crystallites with grain boundaries existing between
them. The surface is now polycrystalline which means that it is
most probable that all possible crystal planes are present at the
metal surface in proportions which are dependent upon the
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experimental condibions.

truo

work

functIon

of La

surfaco is a

rather meaningless quantity, and its effective work function is
dependent on the method of measurement used. A useful quantity
.

1

for a polycrystalline surface is the average work function,T, , which
is defined as follows (69) 11If(7). is the true work function of the
patch having a fractional area
function is

)'i-.;

,

then the average work

Patch in the definition means an area

at the metal surface all of the same crystallite.
The work function of polycrystalline surfaces of gold, silver
aluminium has been reported using a variety of measurement
techniques. For gold films deposited on glass, values of 5.45 eV
(6) have been recently found
and 5.30 eV
5.22 eV
experimentally. The mean value of these results is approximately,
5.35 eV, This is considerably higher than the generally accepted

value of

i;

1~ ,70 eV which was used until 1966. The difference

between the old value of -j 4.70 eV and the more recent value of
approximately 5,35 eV has been accounted for by Huber

He

discovered that the difference was the result of a strongly
adsorbed layer of mercury on films prepared in mercury diffusion
pump systems as used for the vacuum systems employed to prepare
these earlier films. For silver films few recent measurements are
available, however in 1961 ~ a value of 1 ~ .30 eV was reported for a
silver film prepared by vacuum depositioncntoa glass substrate (77),
Huber and Kirk (29) during a study of chemisorption on aluminium
concluded that the work function of a freshly prepared

Material

Reference

Au
•

•
•

Function

84

5.45eV

85

5.22 eV

84

'I

•

Work

•

86
76

•

•

5.45 eV

Measurement Technique
Retarding

•

•

Contact

Retarding

4.7 eV

Average
Contact

7.

4.30eV

Al

29

42eV

ii

87

4.19 eV

Gold. on glass

potential

glass

Photoelectric

5.30 eV

Ag

potential

Substrate

Is

glass

potential
value

of

potential

I'

Sold on glass
several experiments
•

glass

•
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polycrystalline thin film 'f aluminium was approximately 4 0 30 eV,
in agreement with earlier measurements (36) These values of
work function are shown on table 22.1.
The work function of . a gold film surface prepared at room
temperature by evaporation in high vacuum is lower than that of a
Similar results

clean polycrystalline bulk gold surface

were previously reported for silver, where a decrease in the work
function of 0,18 eV took place when a bulk silver surface was
coated with a thin film of silver

The difference is

presumed to be the result of the bulk metal samples having been
formed for a considerable time, hence a slow self-annealing process
could have taken place which would cause larger crystallites with
fewer faults to be formed which have higher work function values.
This is substantiated for gold

and silver

by heating

newly prepared film samples so that the annealing process is
accelerated with a corresponding increase in work function values
to that of bulk samples. Similar results have been obtained for
iron

That the work function increases are dependent upon

the amount of overlayer deposited, or residual gas pressure during
deposition.1 has been discounted for the experiments of Clark and
Farnsworth (3) • Such a self-annealing process was invoked by
Lucas (23) to explain decreases which took place in the electrical
resistivity of thin gold films prepared by vacuum deposition.
How the value of work function for a polycrystalline surface
varies with the measurement technique employed will be considered
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in chapter 3.
2.2.5. Adsorption on Metal Surfaces, Adsorbed atoms or molecules
can have one of three possible methods of bonding to a metal
surface.
Covalent bonding
Ionic bonding
Attraction by Van der Waals forces
The first two are known as chemisorption processes and the
latter as physical adsorption. Chemisorption processes are
characterised by an electron transfer between the substrate and
the adsorbate, unlike a pure physical adsorption process where
polarization takes place but no electron transfer occurs. A
comprehensive review of bonding processes has been written by
Dowden
Consider in figure 2,2.1. a metal surface 'XX' with the
potential energy DEF of an atom drawn as a function of the distance
from the surface. Since both the atom and the metal are
polarizable, Van der Waals forces will attract and hold the atom
onto the surface. These forces vary as the inverse of the sixth
(and higher) power of the distance from the surface, and hence are
short range forces. If, however, the atom has an electron
transferred to the metal surface then the potential energy curve
ABC is obtained whidh varies as the inverse of the distance from
the metal since the attraction potential is now. a Coulomb attraction.

0

5'?.

Fro-.m the observation that B. is :ower than B on the potential
diagram it follows that dsorption of in ion, and not an atom, will
take place

This ionic bonding -J-s typical for many adsorbates,

especially some commonly occuring gases. Ionic bonding will cause
an increase, or decrease s in the work function of the surface
depending on whether the resulting double layer of charge at the
surface has a negative, or positive charge outwards, If the
electronegativity of the adsorbed species is less than the work
function of the substrate surface, then a net positively charged
layer is present

011

the surface. Conversely if the

electronegativity is larger, then a net negatively charged layer
exists. This increase or decrease in woVxc function caused by the
double layer is the ±esult of a change in the difference between
the potential energy just outside and just inside the metal surface,
and'1Enc nthe a.rfa'co potential. Whereas ionic bonding depends
upon electrostatic forces, covalent bonding depends on an electron
exchange for reaching an equilibrium state. However, such bonds
still result in a dipole layer at the metal surface with the
attendant change in the surface potential. Physical adsorption
usually only has a small dipole associated with it, and thus only
a relatively small change in surface potential would be expected.
Hence any form of adsorption, on a surface can cause hanes
in the surface potential and thus in the work function of the
surface. However, surface potential values cannot generally be
interpreted in terms of a simple model for the adsorption bond.
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Culver and Tompkins

in their review of adsorption processes

on metals gave an extensi:e list of the more reliable measurements
of changes in. surface potential for many substrate-adsorbate
combinations. The most important observation from these
measurements 'e'grding this work is that oxygen in all the
reported cases caused a substantial negative surface potential,
indicating that the bonding is largely ionic with negative oxygen.
ions uppermost on the surface. It is interesting to note that for
all physical adsorption measurements cited the surface potential
is always positive.
For the metals used in this work (viz gold, silver and
aluminium) the adsorbates to be considered are oxygen and water
vapour. The effect of these adsorbates on the work function of
the metals will now be considered.
i) Gold 0 From recent work function measurements made at room

temperature in. vacuum goixi does not chemisorb a significant amount
of oxygen (6) (91) (92) • However, at elevated temperatures
appreciable chexnisorption has been found to take place. An
increase of 0.70 eV in the work function was reported for a
temperature of

500° C.

Part of this increase may of course

be the result of annealing effects which are known to increase
work function values

Clark et al

attempted to "oxidise"

gold then examine the surface by electron diffraction, electron
microscopy-, X-ray emission ( spectroscopy and electrochemistry. in
agreement with others (95) none of their experiments provided any
41
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evidence for the presence 2 an oxide of gold, and they suggested
that migration of impurit:Les to the su.'face on heating could
explain some of the results obtained, but no actual work function
measurements were made in contrast to these results, Meyer
has reported a surface phase of gold which has oxygen adsorbed into
hexagonal cells,which he suggests will act to modify the observed
work function in different gaseous environments. No work function
measurements were made by him to verify this point. The only
report of the work function of gold changing considerably in
vacuu.m with oxygen adsorption. is given by Dillon and Farnsworth
Up to 0.40 eV increases were observed, which Rivire
has dismissed as being the reult of an unclean 24 ct. gold plated
electrode. No report has ever been made of water vapour adsorbing
on grid in vacuum. Thus it is concluded that vacuum deposited
gold, eseciaflLy in vacuum at approximately room temperature, ;,does
not have its work function significantly changed by adsorption of
oxygen or water vapour.
ii-) Silver. It is well known that silver reacts chemically
with oxygen. Ogawa et al

found that a surface potential

of 0.60 eV developed when oxygen was allowed to adsorb on a silver
surface. This magnitude and polarity of surface potential
indicated that the adsorption is most likely ionic with negative
oxygen ions uppermost on the surface. Under soft vacuum conditions,
for temperatures close to room temperature, the adsorption of oxygen
has been reported to be nearly independent of pressure and
temperature (99). However, under high vacuum conditions silver

9

does not appear to readily

60 o

adsorb

either oxygen or water vapour

at room temperature. If the work function was effected by low
pressure adsorption, then it is thought that Hopkins and Rivire
would have observed and reported it during work function
measurements of thin films of silver prepared on a variety of
substrates. The pressure was not reported with the work function
(100) it is expected that the
results, but from the apparatus used
vacuum chamber used would be at approximately 10 torr,
Scanning electron diffraction work done by Grigson and Dove (101)
confirms that face centered cubic metals, especially gold and
silver, show little tendency for oxide groweh. At pressures
greater than 50 rrn Hg water vapour is adsorbed onto a bare silver
surface at 6-100°C. but is adsorbed much more strongly if the
surface has been pre-exposed to oxygen so that the surface is
It is concluded that for silver,

occupied by adsorbed oxygen

only under vacuum conditions close to ambient is oxygen or water
vapour significantly adsorbed.
ii) A3Lu.miniuzn Even under high vacuum conditions aluminium
is a very reactive metal with oxygen. This can be easily
demonstrated by observing the pressure decrease by gettering which
often accompanieø the evaporation and deposition of aluminium, in
high vacuum. From section

2.2.5.

it appears that the change in the

surface potential with oxygen adsorption should be negative i • e, an
increase in work function. The finding of several investigators
was that the work function in fact decreased (102) (103)
(l0) attributed this to oxygen being.
Kiemperer (103) and others
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bonded just under the met .al !ufaee, resulting in a positive
surface potential. However H.ber and Kirk (29) ( 10 5 1)/ in a series
of well conducted experinent, and later by applying the ultrahigh vacuum low energy electron diffractionwork of Jona (106)
demonstrated that oxygen adsorption causes only a small decrease
in the work function up' to monolayer coverage - approximately
0.05 eV, Exposure beyond the monolayer region results in an
increase in the work function (107), Eley and Wilkinson
considered oxygen to be the only gas significantly adsorbed on
aluminium, in a high vacuum chamber. This idea was radically
changed when it was shown in 1966

that water vapour has a

very pronounced effect on the work function of a freshly prepared
aluminium surface. The effect is accelerated if the surface is
firstly preexposed, as for silver 1 to oxygen to monolayer
coverag before water adsorption commences. The water vapour
causes a decrease in work function of approximately 1.10 eV which
is sufficient to explain the earlier decrease in work function
which had been accounted for by oxygen adsorption. The decrease
in work function with water vapour adsorption. is consistent with
the results of Ramsey (0) obtained during a study of the
emission of electrons from aluminium abraded in air, oxygen,
nitrogen and water vapo.ir. It is concluded then, that even in high
vacuum, the work function of aluminium surfaces can be significantly
modified by the adsorption of oxygen and water vapour.
2.2.6. Metallic Overlayers, The values of work function of two
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different metals can vary by e much as L. to 5 eV if extreme cases
are considered. Most commonl:r occurrirg metals in poly7crystalline
form tend to have values in the region of 4.10 oV to 5.30 eV.
Thus, if a clean metal surface is completely covered by a thick
layer of a second metal then a change in work function of the
surface is expected. From section 2.2.2. a charge double layer
exists at the metal/overlayer junction which results in a contact
potential between the two materials equal in magnitude to the
difference in the work function values. This implies that the
final work function of the composits structure surface is that of
the overlayer material. If the overlayer is vacuum deposited
onto the surIb.ce, then exactly how the work function changes as a

function of the amount of material deposited depends on the
overlayer growth mechan.i.sm for the particular combinationt of
sub strat/condensata materials under the prevailing experimental
conditions.
For vacuum deposition of metals it is often the case that an
overlayer growth takes place by a process of adsorption, surface
migration and the subsequent spontaneous appearance of atom
clusters which have the critical nucleus size as discussed earlier.
Well established theories (109) (u1)(u2)MID) exist for de -scribing
such a growth process. However, recent theories of metallic
overlayer growth on metal substrates involving changes in work
function at the surface (71) (113) are for a different type of
growth than that described by the above theories. No nucleation
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is considered to occur ar1.d the overlayer is assumed to grow as a
monolayer structure with the adsorbate appearing as a regular
array of atoms located at fixed points with respect to the
substrate surface lattice structure. The idea contained in these
different theoretical works come together in work reported by
(u6) where it-is
and others
Sandejas and Hudson (114), and
suggested that a layer of adsorbate atoms is formed perhaps several
monolayers thick, followed by the nucleation and growth of
crystallites of adsorbate material on the adlayer. Since this type
of growth may occui' for many combinations of adsorbate/substrate
(116) the form of the work
metals which have large binding energies
function changes which may occur are now considered. The analysis
is conveniently broken down to the two overlayer deposition
processes of) firstly the adlayer formation, and secondly that of
nucleatlDn with island growth. Levine and Gyftopoulos
developed a theory for the change in work function L<5 as a
function of adsorbate surface coverage B, which had some success in
explaining experimental results for alkali and rare earth alkali
metals deposited on to a refractory substrate (117) (il) (119)
The principal equation that they derived is
-

.-

01t5.0 .

e.

(2.2,6)

where

substrate metal work function value.
adsorbate metal work function value.

C

(e)

is a function of coverage
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IT = density of adsorbate on surface at the completion
of one monolayer.
COS/3 is the cosine of the angle between the surface
normal and the line joining an adorbatoc and a
substrate atom.
= polarizability of adsorbate atoms.

E

has its usual significance.

R. = summation of adsorbate and substrate covalent
radii r

and r f .

Making the same assumptions concerning the adlayer as Levine
Gyftopoulos (71) in the derivation of equation. (226) similar
equations were derived for the growth of silver on the (lll, (110)
and

(ioo)

planes of a completely regular gold surface. Gold

crystal structure is f.c.c. with a cube side length tat of 1+.076A
(120)
Because of the small difference between the covalent radii
r and

for gold and silver respectively (120), it was assumed

that

C4
\

vq =

=

-

( 2.2.7)

Thus for the (100) plane present at the surface-

c.

(2.2.)

OJ.

and COS1 3 =

(2.2.9)

For the (iii) plane: -

(2.2.10)

and COS/3=

(2.2.11)

For the (110) plane :-

zo
'WN

1

/2

and C0S/

S/

( 2.2.12)

(2.2.13)

Furthermore, if Mfm is the dipole moment per bond-link of the
complex adsorbate/substrate molecule, then because a unit cell now
consists of three substrate atoms the dipole moment M of a single
adatoin on the (iii) face is modified to

0

=

M.1.

(.i35/

(2,2. 14)

which makes the multiplying factor (0.75 x 0.765 x 10) instead
of

'(6".'765 x 16

)

th èq.ãtioh '(2',2.6),
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Figure 22,2, shows the fractional change in work function
plotted against overlayex coverage for these three planes. The
coverage axis goes only to 1.0 i 0 e, one complete monolayer, since
it is explicit in the assumptions of Levine and Gyftopoulos (71)
that at B = 1 the rate of change of work function with coverage is
zero. This implies that for all values of 0 larger than 1.0 i.e.
more than one monolayer coverage, the work function is that of the
(113) have expressed doubts on the
adsorbate. Macdonald and Barlow
validity of the latter assumption', and have put forward a theory
which relaxes this constraint. However the form of their derived
equation for the surface potential, A%,' ) induced with a neutral
adsorbate contains factors (effective dielectric constant and the
electric field at the metal surface leading to induced polarization)
which are difficult to evaluate. Thus, as these authors point out,
it is bet if these unknown factors can be evaluated by carrying
out experiments to determine the dependence of .tV on coverage and
charge on the substrate surface. Also they express understandable
concern over the lack of attempts to appreciate the quantum
features of such an overlayer. As the theory of adlayers progresss
no doubt such considerations will eventually be made.
In order to explain experimental results for the change in
surface Potential ) fV., during metallic overlayer formation,
Mignolet (121) put forward the empirical relationship of

L\V

O'2(?

—.Is.>

(2.215)
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Where tD is the substrate work function and X a is the
electronegativity of the adsorbate.
Equation (2.2.15) was successfully used by Jones

(115) to

explain quantitively the surface potential existing on a tungsten
surface covered by an adlayer of Cu atoms. For a silver adlayer
on a gold substrate the surface potential can similarly be found
as follows.

A value of the electronegativity X 5 of silver can be

found using the empirical relationship of Gordy and Thomas (122)

- Q44

)
Where

ots

(2.2l6)

is the work function of silver.

Substituting 4.30 eV for the work function of silver yields.

>(&= 1 4eV

(202.17)

If this value for X s is substituted for Xa in equation
(2.2.10) with a value of 530 eV for the work function,
representing a gold substrate, then the value obtained for the
resultant surface potential is

L

- O.OVt5

(2.2.1)

Now work function changes expected with adsorbate nucleation
and island growth are considered. From the experimental work of
ring and Farnsworth

and Mikama and Yasuda (60), and the

results of Campbell (2 deduced from the work of Pashley and

. 6.

Stowell

(123), a reasonable relationship, as already put

forward in section 2.1., between mean overlayer thickness ) t and
surface coverage (3 is

•1

(2 • 2 • 19)

wher'e -C is a constant, dependent on the materials and the
experimental conditions employed. Equation (2.2.19) represents an
island growth process where the mean thickness of the islands ) T,is

1

(2 • 2 • 20)

and as shown 1n section 2.1. the critical nucleus size
is given approximately by

- c').

(2.2.21)

C—

If, as shown in figure 2.2.2, the work function is
assumed to be a linear function of coverage, then

-

=
where è,

2.

and

(2.2.22)

are asdfined previously, and

substituting for in equation (2.2.22) from equation (2.2.19) yields

•-+-

—

e

vt
-7

(2.2.23)

1.25

CU

c-a

(.3

0.25
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Alternatively, a fractional change in work function can be
expressed as a function of mean thickn€ ss. 7 t as

•-;

Where

4 4 -..4

(2 • 2. 21+)
is the surface potential as the result of

the adatorns.
On figure 2.2.3. is shown for comparison purposes the
different forms that the work function versus mean overlayor
thickness might take for the different growth processes considered )
using as the example the growth of silver on a gold substrate.
Curve 1 is for the (iii) plane using the theory of Gyftopoulos and
assuming that the mean thickness of a monolayer is

Levine

approximately 2.3A. Curve 2 is for equation (2.2.24) with 1
0

2.50A.

Curve

3

is obtained by using equation (2.2.15) to predict

the surface potential at monolayer coverage, after which the work
function decreases to that of silver as the adlayer is formed to a
thickness of severi monolayers, and finally nucleation of silver
crystallites is assumed to occur. The slight increase in the work
function before dropping to a constant value is attributed, after
Jones

(115)

, to the onset of the nucleation process. As already

discussed in section 2.2.1+., the more crystalline a deposit ia, the
higher its work function value tends to be.
The characteristics of each of these curves are:For curve 1. A rapid change in work function with a noticeable

7O.

overshoot before reaching a constant value at
monolayer coverage
For curve 2. A monotonic exponential rise.
For curve 3.

A slight decrease before increasing to overshoot the
final constant value of work function change at a
thickness of several monolayers.

Thus from an experimentally found relationship between work
function change and overlayer thickness it should be possible to
identify the type of growth process involved.
22.7. Oxide Growth, Of the three metals gold, silver and aluminium,
gold, as discussed in section 2.2.5,, does not form an oxide,
whereas in contrast aluminium readily oxidises to a depth of many
monolayers with sufficient exposure. Silver does form an oxide,
but the growth of the oxide of aluminium has been studied in more
detail, and hence will be considered first.
Two theoretical models exist for the oxidation of aluminium.
The first is de to Cabrera and Mott (124) and secondly there is the
theory of Lanyon and Trapnell (125) The theory of Cabrera and
Mott (l

predicts a pressure independent, inverse logarithmic time

law for oxide growth, which has been found to hold for experiments
at atmospheric pressure (10) (126) That of Lanyon and Trapnell
(125) predicts a pressure dependent and direct logarithmic time
- torr (lap)
law, and has been found to hold for pressures of 1 to 10
A direct logarithmic work function versus log (time) and log

.7 1

0

(oxygen pressure) dependence has also been found for oxide growth
beyond the completion of the first adsorbed oxygen monolayer (107)
This incorporation of the oxygen into the bulk of the metal results
in a Volta potentialwhich changes as the oxide thickness increases
The magnitude of this potential can be as great as 0.5 to
0.6 volts (2) which is of the same order as the value of 0.6
volts reported for the incorporation of oxygen into a nickel
surface

If both oxygen and water vapour are present then

the expected sequence of events occurring at an aluminium surface
are, firstly, the rapid adsorption of oxygen to monolayer formation
followed by the adsorption of polar groups front H 20 molecules, and
finally the slow incorporation of oxygen into the aluminium to form
an oxide (29), The scqu&nco is consistent with the electron
emission measurements of Ramsey

made in various gaseous

environments. The work function during the sequence firstly
increases by approximately 0.05 eV, then decreases by over 1 eV
as the polar groups adsorb and finally increases as the oxide layer
grows in thickness.
Silver does react with oxygen to form an oxide, buli,
insufficient experimental evidence is available to predict
actual work function changes during oxidation.
2.2.. Work Function Complications The following are further
complications which can exist when measuring the work funrtion,o±1
surface potential, of metals,
i) Inipuriies - If impurities are present in the metal sample

p72.

then the surface will not be clean' since the impurities
will exist at the surface as well as in the bull4.
especially if the sample is subjected to elevated
temperatures. A 2% surface concentration of rhenium on a
tungsten surface caused a measured change of

0.04 eV in

This change is more than

the surface work function

2% of the difference between the work function values of
rhenium and tungsten. Impurities exist preferentially at
faults on crystal faces and hence clusters of impurities
forming projections at the surface are liable to appear.
ii),. Temperature Effects. - Thin films formed by vacuum
0
o
deposition can be as much as 400500 K higher than the

substrat temperature (130)

This large increase is

attributed to exothrmic ht of condensation and
radiation heating from the evaporation source. Thus it
is possible that deposited atoms are frequently in a
more mobile state on the substrate surface than the
nominal substrate temperature would suggest, resulting in
larger agglomerates of condensate forming. A numerical
example given by Belous and Wayimn

(130) is that for a

source 19cm from a mica substrate nominally at 300 ° K, a
deposition rate of 101/sec of gold results in a film
0
temperature of about 600 K. The work function of a
surface is somewhat temperature dependent, described by
several authors (.73) (131) (132)

(133) in the form

.73.

=T
Where

(2.2. )

is the work function at O° K
i a inear temperature coefficient
T is the absolute temperature in

°K

Although ' is usually small, obviously with potentially
large temperature changes possible care must be taken
to minimise temperature variations. Some metals change
structure at elevated temperatures with an attendant
change in work function. Such a case is uranium which
can be orthorombic (below 93 0 K), tetragonal (93 0 K to

1013 0 K) and b.c.c. (1043?K) with work functions of 3.47,
(135), No such
3.25 and 3,39 eV respectively
structural cnanges are expected for gold, silver and
aluminium in the experiments carried out during this
work.
iii). Non-Uniformity of Surface - For overlayer growth the size
of islands formed during the growth process may
influence the effective work function (136) (79) (116)
Vladimirov (137) has calculated the size that patches of
different work function can be before present emission
theory is inadequate. The effect of patches of
different work function will be discussed again in the
next chapter when different techniques for measuring

0 t

Th.

work function are considered.
Surface States -. These only occur in semiconductors.
However, silver oxide has been described as a ptype
semouco

bta:Lned

arj. fri ;he re;u-

during this work aluminium oxide, perhaps in an excess
oxygen state .,, also acts asa semiconductor

Surface

states can pin the Fermi level at a semiconductor
surface and hence mask work function variations which
would otherwise have taken place (139),
Alloying - Of the materials used the combination of a
silver substrate with aluminium as adsorbate will
result in the alloy A92 AX' being formed to a depth of
several monolayers (63), Pashley

presented

evidence to suggest that a phenomenon similar to
alloying occurs when metal atoms are deposited onto
a metal substrate. It is that they can penetrate
the substrate surface, forming a layer consisting
of a mixture of condensate and substrate atoms
several monolayers deep.
2.3. Electrical Conductivity and Work Function Interdependence.
- _, _
2.3.1. Value of relating Work Function to Conductivity

Few

- btdd of experimetal work carried out in
attempts have been: - m- po-,.
order to relate electrical conductivity (th' resistance.I to
effectiye work function (or surface potential) for thin metal
films. Bryla and Feldman

' in 1962 recorded the change in
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surface potential as a function of resistance during the growth
of thin films of gold and silver prepared by vacuum deposition
on fused silica, substrates nominally at room temperature. No
significant variation in contact potential with respect to a
platinum reference electrode occured over the sheet resistance
range lO to 10JL /sq. ' These results imply that for a single
uncontaminated metal deposited onto an insulating substrate. ;
no relationship exists between electrical resistance and
effective work function which helps elucidate the conduction
process in the metal. However, as will now be shown, when gas
adsorption, oxidation or metallic overlayers are present at a
metallic film surface, then monitoring the effective work
function of the suriace can yield valuable information
concerning the electrical conduction in the thin film. This
of course will only apply under conditions where the film is
sufficiently thin for surface effects to be significant.
2.3.2. Adsorption and Oxidation. Of the metals studied in this
work only aluminium and silver are considered to have any reaction
with oxygen and water vapour. The relationship for oxygen and
water adsorption on freshly prepared aluminium thin films can be
conveniently considered for five separate cases. They are;
i). Low oxygen oose up t o monolayer coverage. The
electrical resistance R. is given by

f
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where A, P are constants
and ) is the fractional coverage.
Equation (2.3.1) follows from the work of Huber and Kirk (29)
with the assumption that the mass of gas adsorbedMis directly
Also from the work of these authors the

proportional to i

is related to

change in work function

by

, M

(2.3.2)

and hence

(2.3.3)
Thus to a first approximation suhstituting for

e

using

equation (2.3.3), equation (2.391) yields

R

e

.

I

(2.3.)

where D is a constant.
Oxygen e x posure beyond monolayer coverage. The mean
thickness of oxide t is related to the mass of
oxygen incorporated by,

t.

(2.3.5)
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Hence the change in resistance £\Rwith an oxide of
thickness t, provided the thickness,t,is small
compared to the initial film thickness, is related to
Mby

L\R •-- c-"\
(2.3.6)
but " log (time) x log (pressure)
and iq < log (time) at constant pressure

&4c,,-, log (pressure) at constant time
so that it follows that

c

(2.3.7)
iii) Water vapour exoosure up to monolayer coverage on a
clean surface,. The resistance change is the same order
of magnitude as for oxygen adsorption, and the
corresponding work function change is very small as for
case (i) i.e.

O'O(oeV

(2

iv).An aluminium surface exposed to water vapour which has
been pre-exposed to oxygen up to monolayer coverage.
TJae..resistance is virtually insensitive to the water
vapour adsorption i.e. R = 0 4 and the work function
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e
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0

•

•

0

•

•
0

0

•
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0
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•

•

4

= 1 eV
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'

•.

0

•
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decreases by approximately 1 eV during the formation
of a polar sheet on the surface of the oxygen covered
-1

-

metal between 10 and 10 torr:min of water vapour
exposure. This same drop in potential occurs for water
vapour on a fresh aluminium surface in case (iii)
beyond monolayer exposure.
v). 0xyen and water vapour both present in sign
Quantities. It is expected that firstly there is oxygen
adsorption as for case (i), secondly water vapour
adsorption as for case (iv) and finally oxidation or
incorporation of oxygen into the bulk of the aluminium
takes place according to case (ii).
With the exception of the combined oxygen and water vapour
classification (v), the above are shown in tabular form in
figure 2.3.1. It is assumed inthis sectithn that adsorption and
oxidation have no effect on the electron scattering mechanisms
or the degree of speculai or diffuse scattering which takes place
at the film surface. This is reasonable since the films in this
work were not to be spetcificl1y annealed, and several authors,
as discued in section 2.2.2., have at least gone some way
towards demonstrating that unannealed thin metallic films can be
thought of as having completely diffuse electron scattering at
their surfaces. The formation of oxide at the surface would not
help tsmooth' the surface as required for less diffuse scattering.
However, if any spec

scattering is present before gas
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adsorption takes place, then it is possible that increases in
resistance are the result of changes in the electron boundary
scattering.
For silver, only general statements can be made relating
work function and.electrical conductivity measurements As for
aluminium, B.nton and Elgin

have reported that oxygen

promotes the adsorptiort of water vapour on silver surfaces, but
no work function or resistance measurements were made. It
appears that this is the only observation reported in the
literature of the dependence of water vapour adsorption on
pre-exposure to oxygen for silver surfaces. It is expected that
the reaction with oxygen which is known to occur with silver
can be described by the first two lines of table 2,3,1. for
aluminium. However, the absolute values for the constants in these
various relationships will in all probability be significantly
differei:t from those for aluminitun.
2. 3.3. Overlayer on Low Conductivity Thin Film Metallic Substra tes,
1

A metallic film of sheet resistance say 10 to 10 s.

/sq. may have

a positive temperature coefficient of resistance, but there are
still many discontinuities in it. These discontinuities largely
determine the resistance, where there is an activated electron
transfer process between separated or isolated crystallites
constituting the film in the direction of an applied elecric
field. When a metallic overlayer is deposited onto such a film,
then provided the growth process of the composite film is similar

080,

to that of the underlayer, a resistance versus mean thickness
plot will have approximately the same form before and after the
overiayer deposition. This is because it is predominantly the
reduction of the size of the discontinuity gaps .nd not the
value of the bulk conductivity of either the underlayer or
overlayer material which determines the overall sheet resistance.
The work function will vary with surface coverage, or mean
overlayer thickness. in one of the three ways already discussed
in section 2.2.6. Monitoring the work function of high
resistivity films can thus assist in the identification of the
overlayer growth process, which helps in the qualitative if not
quantitative, explanation of the ccnduction process.
Overlairers on High Conductivity Thin Metallic Films. For
thin films having conductivity values approaching that of the
bulk material then more explicit forms of work function and
condu.ctirity relationships can be derived than for the films
considered in section 2.3.3.
Consider a thin metallic film which is of uniform thickness
and consists of large crystallites so that grain boundary
scattering in the bulk of the film is insignificant cömp•red to
surface effects. If a metallic overlayer is deposited onto such
a film, then assuming the same growth process as described in
section

the resistance change from equation (2.1.1) is
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where the symbols are as defined previously in section 2.1.2
Note that in equation (23.9) R/RO is a function of the surface
coverage b , - (This is not to be confused with the surface coverage
which is occasionally assumed to be the number of monolayers of
overlayer an the surface equivalent to the mean thickness ) t) of
the deposit. The latter interpretation of surface coverage is not
used in this work). Work function has been shown in section 2.2,
to be a function of coverage , and hence a functional
relationship exists between the fractional change of work function
1

-

2

where I),, and are the work function values of overlayer

and substrate respectively, and the resistance r.tio

during

the formation of a metallic overlayer, Assuming the following
values in the evaluation of the ratio R.

P = 0.90
q 1 = 0.90
0.10
for a thin film of gold, with a work function

d,

having an

overlayer of a metal with the same bulk conductivity, but with
a work function ;the variati Dns of R/R wthL/&1 for three
different values of 'L is shown graphed in figure 2,3.2. Obviously
similar graphs could be obtained for any reasonable values of
F, Q 1 Q and for different overlayer materials. In the
evaluation of equation (2.3.9) it is assumed that the work function
change is directly proportional to the surface area covered by the
overlayr material, i.e.

e82 cw

'

(2 0 3010)

which is a reasonable approximation for an overlayer
growth process involving nucleation and crystallite formation
at the substrate surface. However, if considered necessary,
a work function and coverage interdependence different from
equation (2.3.10) can be employed, e.g. that of Levine and
Gyftopoulos (71) described in section 2.2.6.
Thus for metallic overlayers it is shown that, just as for
the case of adsorption and oxidation of thin metal films, work
function values can be employed to explain resistance changes
which occur as a result of surface effects. Care must however
be taken to ensure that the work function complications in
section 2.2.E. are given due consideration before measured
work function values are used to. explain conductivity changes.
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CHAPTER I

.

WORK FUNCTION MEASUREMENT
Introduction.
Several comprehensive, reviews of the techniques for measuring
(76) (141) (38) (142) • These
work function have been written
reviews make it unnecessary to give in this work a complete
discriptioni of all the techniques currently available. However, a
list of techniques is given explaining the basic principles of
each one, and citing relevant references for more detailed
theoretical and experimental works. From all of these different
methods of measurement the one most suited for this work is
selected and its theory developed. The instrumentation necessary
for the realisation of the technique to be developed is then
considered, and the chapter is concluded with an evaluation of
the measuring systems atual1y constructed.
3.1. Methods of Measuring Work Function
Not all the methods considered yield absolute values of
work function, but instead some only monitor changes which take
place with respect to a. reference electrode which may or may
not have a known work function. Such techniques are still
applicable since it is changes in work function, and not absolute
values, which are more important in the experiments to be carried
out. With very few exceptions all the various methods of
monitoring work function can be thought of as belonging to one'
of the. following.

0

L. 0

ii Contact potential.
Thermionic emission.
Field emission.
Photoelectric emission.
Ion emission.

V)

Each of these five types will now be considered in turn.
311. Contact potential. It was explained in section 22.2
that when metals are in contact, or are connected by an external
circuit, then a contact potential exists between them. This
potential, 1

is equal in iagnitude to the difference in the

effective work function values 0 2 and

of the metals, i.e 0

If the two metal l-dies are separated, and have a
capacitance C. then the charge which flows round the external
circuit in order that the bodies reach equilibrium is given by

9=

( 3. IL. 2)

or from equationi (3.1.1)

(3 .1-3
From equation (3.1.3) if the capacitance C is caused to
change by

L\C,

then there is a corresponding change tc \ in the

a

charge

9.

8 5&

i.e.

(3.1,)
By making C a periodic function of time f(t), and
applying a D.C. voltage, V al across the bodies making up the
capacitor in the opposite sense to the cont4ct potential, then the
charge c is a function of time given by

-

=

(3l.5)

Equation (3.1.5) when differentiated with respect to
time represents the current

A

/:

A

Assuming \(ç

in the external circuit, i.e.

-.fr-•--

(3.1.6)

is a constant.

-

The current - is reduced to zero when

( 3.1.7)

') =
Thus when the condition of equation

(3.1.7) is satisfied

the difference in the effective work functions is found by measuring
the applied D.C. potential V a •
(13)
Equation (3.1.6) is the basis for the celebrated Kelvin
capacitor method for measuring contact potential. Zisinan
r
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in 1932,at the suggestion of Professor Max Noble, made the
technique more sensitive by making the capacitance vary at
audio frequency, and detecting the current so generated by a
valve amplifier. By employing negatire feedback Simon (145.),
and later Petit-Clerc and Carette (6) and the autheret al
made the Kelvin method more versatile by allowing a
continuous recording of contact potential. Other methods which
depend for their operation on the existance of contact potential
are, the rotating dynamic capacitor

static capacitor (119),

dielectric breakdown field (150), saturated diode (15, space
(153) and the electron
charge limited diode (152), Qatley magnetron
beam method

Of these methods several have been suitably

modified so that a map of contact potential variations over a
(156)
(l
Table 3.1.1, shows
surface can be obtained
for ease of comparison typical accuracies reported for the
different methods of measurement, and also the reported time
response of the systems with feedback. For reference later,
typical accuracies reported using techniques not based on contact
potential measurement are included in the table, Using contact
potential methods the effective work function values of silver
gold

and aluminium (29) have all reently been derived,
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Photo-electric. Electrons can be emitted from a metal
surface by the irradiation of light as a result of the absorption
of photon- energy. As the frequency ? of the light decreases
a value of is eventually reached when electrons are only just
emitted from the surface. This limiting frequency is then
related to the work function,4of the metal surface by

where k ande have their usual significance.
Any real surface however, because it is at a non-zero
temperature and the work function is unlikely to be constant
over the entire surface, cannot have equation (3 •1,) applied
directly to it for accurate work function determinations. For
a uniform surface at a non-zero temperature, T, Fowler
derived the following relationship between photo-current
irradiation frequency

\?
( •_'•j"_-

\

±

where

and

(3..9)

k and k have their usual significance.
is a constant.
and - r--------------/ is a complicated function of

When using photo-electric emission as a means of measuring
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work function care must be taken to allow for the electric fields
which may exist, intentionally or unintentionally, at the surface
(15)
Riviere (76) has given suitable forms of equation (3,1.9)
for - the extreme cases where the electric field at the surface is
much greater and much less than the patch fields on a non-uniform
surface. An apparently rarely used method of work function
measurement by photo-electric means is based on Planck's
radiation law, from which it is possible to derive a useful
equation very similar to the Richardson equation for thermionic
emission (159) Using Fowler's theory recent work function
measurements have been made for silver (160) and gold

3.1.3.

Field Emission. On the application of a high electric

field of 10 'Vblts/cin 1 or larger, at a metal surface the
probability of an electron being emitted increases considerably,
The Fowler-Nordheim (161) (162) theory of field emission related
the current density, J, to the applied electric field strength E
and work function4.,by
')

(3,1,10).
where

e(x)

is the Nordheiin elliptic function with:-

I

r3.

and K12 K2 and

K

4.

are known constants.
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Difficulty in relating the voltage applied between the
metal and a counter electrode to the field strength at the metal
surface makes the practical application of equation (3.1.11)
difficult. As has been pointed out in proof of this difficulty
(76) "It is no coincidence that all published measurements of
the work function by field emission have referred to individual
crystal planes.' More recent theoretical treatments of field
emission (163) (16+) appear to lead to more reliable ways of
deriving work function values from field emission measurements..
3.1.4.

Therinionic Emission, The Richardson -Dushman equation is

the basis for evaluating work function using thermionic emission.
The equation relates the current density, J from a heated emitter
at temperature T to the work function va1ue,t, by

=

0

2.

s%çTJ

(3.1.12)

where A is a constant.
e,k, have their usual significance.

re

is the electron reflection coefficient.

Complications arise in the application of equation

(3,1.12)

as a result of work function temperature dependence, patch field
effects and electric fields at the emitting surface (69) (76) (141)
Hensleyr

has given a good discussion on thermionic emission

with particular emphasis on what quantities are actuS11y measured
by this method, Because of the temperatures required for a
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reasonable emission current density this method is best suited
for metals with high melting points, such as the refractory metals
tungsten and molybdenum.
31.5. Ion Emission. This method is based on the Saha-Langmuir

equation which in<modified form

(lL1.2,)

relates the ratio,, cA. , of

the number of ions to the number of atoms desorbed from a surface
at temperature T to the work function,(j;, by

(3.1.13)

where r1is reflection coefficient for ion.
r 0 is reflection coefficient for atom.
gis statistical weight of ionic states.
9 0 is statistical weight of atomic states.

e and have their usual significance.
and 4%(T) is the work füictibn as a function of
temperature.
I.

Just as for the other work functionmeasureiaent techniques

described, this one has similar complications for the effect of
applied electric fields and patch fields at the surface (2 (76)
3.. Selection of Contact Potential Method.
It is requred in this work to investigate the work function
of thin metal films under various experimental conditions. It
was discussed in section'2.2,, that temperature effects can have
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a considerable influence on the work function of thin meal
films. Also, it is well known that applied electric fields at
the surface of high conductivity films during their formation
can have a marked effect on the film structure. Thus it is
udesirable to employ high temperatures or high electric fields
for the work function measurements, which are a necessity for
the application of the thermionic and high field emission
techniques respectively. Hence, these two techniques are
unsuitable. The following experiments require that the work
function can be monitored during vacuum deposition, which for
most .:practical cases means a process of evaporation then
measurement being repeated many times, This being so, any work
function monitoring techniques which critically depend on very
accurate geometric alignment will not be suitable since the
substrate (or counter electrode) would have to be moved many
timei during the experiments. The only measurements not requiring
applied electric fields or high temperatures at the surface, and
satisfy the alignemnt. cons iderat ions, are several of the contact
potential type. Of the methods discounted for the above reasons,
the photo-electric is perhaps the best suited for this work, but
just as the ion emission method gives an indication of the highest
work function value present

so the photo-electric method

gives an indication of the lowest work function value present for
crystallites in a polycrystalline surface. The static and dynamic
capacitor methods at the point of measurement have no net electric
field applied at the surface, and do not require temperatures above
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ambient. Furthermore, no magnetic fields are required as for some
of the methods based on contact potential (153)

(151)

Two

contact potential techniques remain to be considered. They are
the breakdown field method and Anderson's electron beam method.
The first of these is not applicable when it is the work function
of an exposed surface which is to be monitored, and the second
is undesirable since an electron beam can modify the structure
of a very thin metallic film, especially when it has high
resistivity and is grown on an insulating substrate. Gas
adsorption is important in this work, and hence a technique
that is capable of monitpring surface work function changes up
to atmospheric pressure is preferred. This is satisfied only by
the static and dynamic capacitor methods 0 However, although the
static capacitor is eminently suitable for studies in rapid gas
adsorption, it will become clear from the next section that a
variation of the Zisman dynamic capacitor system is preferable
in this case ., especially since long term work function changes,
and changes during vacuum deposition are to be investigated.
In section 2.2.4. the average work function,,of a surface was
defined. It is this average vaiue4, that is measured by contact
potential methods

• This is an advantage since work

function measurements made by many of the alternative methods
depend on complicated weighting functions of the èrystallite type
and size present at the sÜrfaáe (7 6) and are hence difficult to
interpret except in simple cases when single crystal planes only
are present. Also from table 3.1.1. it is evident that the

093 .

accuracy to be expected frok the dynamic capacitor technique
compares very favourably with the others.

3.,

Proposed System for Measuri n g Contact Potential.
This section is divided into three parts. The first

concerns the theoretical analysis of the action of dynamic
capacitors, with particular emphasis on the rotating variation
(i)

what instrumentation is

The second part considers

required for the realization of a rotating system, and finally
the third part examines the performance of the actual system
42

constructed to monitor contact potential.
3...l.

Theory of Operation. Consider a convertionl paraUel plate.:

capacitor with plates of area A spaced a distance Lo apart.
Assume that one plate is caused to vibrate sinusoidally in a
direction perpendicular to the plane of the plates through an
amplitude L 1 at angular frequencyW 0 , and let V denote the
contact potential difference between the plates. Then the
magnitude of the charge,,on the plates is given at time t by
I

9

F'

±

cOS.)0t

(3.3.1)

it can
Assuming that during any period of measurement thatT
be considered zero, then the current,A generated by the dynamic
capacitor is

-

Footnote - Subject of UK Provisional Patent number 7323/70.
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or carrying out the differentiation.

'L

(3,3.3)

(L 0 +-

If an internal D.C. voltage, V 2

,

is applied to the

plates with the correct polarity, then
-

/
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vCw c )

I
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(3.3.1+ )

and if the value of Va is adjusted until the curren,A,
is zero, then from equation (3..4) Va is equal in magnitude and
opposite in sign to the contact potential difference,
between the plates.
For a fixed frequency cJ Q , equilibrium electrode spacing
L o and contact potential V cpthe fundamental component of current
A

generated is dependent only on the ratio

Figure 3,3l.

shows how the fundamental component of the current signal
, and figure 3,3.2. shows the capacitance variation
.
for one complete cycle of vibration for various values of

varies with

It is apparent that the Qvalue of the vibrating system increases

-> 0.5 Atlas Autocode computer programs
were employed in the drawing of figures 3,3.1. and 3.3,2.
rapidly with -f5r

SU BSTRATES

SPRING CLIPS

WHEEL

TOP PLATE

Figure 3.3.3

Eight

Substrates mounted

on Wheel
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Consider now a capacitor which has a spacing of Lo between the

-

plates., but one plate is swept across the other as shown in
figure 3,35.

For a series of n such electrodes mounted on a

wheel, as shown in the photograph in figure 3.3.3. and in figure

33..5., and rotated at N revolutions per second, the output
current signal is at angular frequency
r.

(3.3.5)

The harmonic content of the.A.C. current generated by f-his
rotating dynamic capacitor is dependent on the shape of the
electrodes. It can be shown (see Appendix i.) that a series of
rectangular plates rotating over a circular electrode geneiate a
current with a high proportion of fundamental component. T1'ese
shapes are also suitable for the practical reasons that glass
substrates are readily available in rectangular form, and that
a circuar electrode gives the minimum periphery-to-surface
ratio which is desirable from edge effect considerations. Other
parameters being equal, the fundamental component of the output
of the rotating capacitor is approximately the same as for a
corresponding vibrating capacitor with

0.5. For

comparison.a. line is drawn on figure 3,3.1. at the appropriate
output level of a rotating system with the plate dimensions and
equilibrium spacing, Lo, similar to those for the vibrating
system. The two lines on figure 3.3.1. can be seen to intersect
at

-

0.5. The rotating capacitor which was constructed had
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the following leading dimensions:radius of reference electrode R 1 = 0.95 cm.
difference between centre of electrodes and point of
rotation R 2 = 5.1cm.
and from figure 3..3, it is seen that the number of rotating
electrodes n
One complete revolution of actual capacitance variaticns is
shown in figure 3,3.1+.

The method of capacitance measurement

used for figure 3.3.1+. resulted in the angle scale not being
completely linear, however it is apparent that this approximates
much more closely to a pure sinusoid of frequency , C 0 than does the
capacitance variations shown in figure 3.3.2. for a vibrating
system. This is important since it is the amplitude of the
fundamental component and not the whole current signal,A,which is
detected by the instrwentation employed. This is a consequence
of a very narrow effective bandwidth which is necessary because
of the small values expected for the current

A

• Typically the

-fl

current

A

is 13 to 10 amps r • xn.s. for realistic values of

capacitance , and for contact potential values of 10 to 100
millivolts. A useful quality parameter of a dynamic capacitor
is the tconversion efficiencyt

lie

defined as

rm,s. volts of fundamental of input into instrumenta t ion
D.C. voltage existing across capacitor plates

Typically

is of the order of 1 to 10
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3.12. Instrum-entat-ion ReQuired 1 Block diagrams of the
instrumentation required for use with the vibrating type of
dynamic capacitor, using negative feedback, have been reported
by several authors (145)

(146)

However for the rotating system

no similar closed loop system has been reported. Figure 3.3.5.
shows the block diagram of a rotating system which is not
substantially different from that given by Belcher and Ehrlich

(165) when describing Simonts (145) instrumentation.. The most
important difference is that no frequency' divider is required
with the rotating system, and that the circuit in figure 3.3,5*
makes provision for applying a ramp voltage to the capacitor
electrodes. In figure 3.3.5. A is one of eight earthed substrates
rotated so as to pass over a reference electrode G, and through
an evaporation stream . B is a baffle between the eva.pora5on
source C and the substrates. A lamp K is connected to a D.C.
power supply . The light from the lamp is reflected by the
substratts and picked up by the photo-diode F in order to provide
a synchronous input to the instrumentation. The output from the
reference electrode is A.C. coupled to the instrumentation input,
and can be D.C. coupled through a high voltage resistor to the
instrumentation output in a closed loop configuration with
negative feedback. With switch S3 in the Itt position, Si closed
and S2 open, the recorder trace follows changes in the contact
potential difference between the reference electrode and the
substrate surfaces. In this way work function changes during
vacuum 3.eposition can be continuously monitored, which would be
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difficult to arrange with a conventional vibrating capacitor.
Furthermore, the half revolution that the wheel has to travel to
carry the substrates from the point of deposition to the point
of measurement of contact potential allows a finite time lapse,
during which ions deposited onto the substrate have sufficient
time to be neutralised. If this was not done such charge effects
could easily swamp the quantities which are required to be
measured. After proving the technique by constructing an
instrument according to a circuit designed previously (166),
which was used in conjunction with a vibrating system to ca.ry
(167) , a lock-in
out a series of measurements on CdS thin films
amplifier unit was aquirecL It was an

R.Kd

±-'rincecon ppi

Research Corporation (U.S.A.) unit, which performed the function
of all the amplifiers, phase shifters and mixer on figure 33.5.
with the exception of the prenplifier for the photo-diode.
3•, - Ferformance of system. For the closed loop system shown
in figure 3,3.5. with Si closed, S2 open, and S3 in position Ttt,
the output voltage, V 0 , is related to Vcpby the steady-state open
loop gain (k), thus

-.
'0

•

+ '

I

'4

(3.3.6)

A common approximation is to make k sufficiently - high to be
able to regard 7 as approximately equal to V cp

It is we11-known,

however, that the transient stability of a closed loop system is
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highly dependent on. the open loopgain. Figure 336. shows
how the output of this particular system varies with k for a
time constant of approximately five seconds. It is evident that
the gain for critical damping should be approximately 15. This
value is not high enough for

V0

=

to be a valid approximation,

but allowance can be made for this since k is a known constant.
In any parctical system there is a tolerance on k which will
cause an error in the measured value, of V 0 . Figure 3.3.6. shows
the open loop output of the rotating system when a sweep voltage
is applied across the capacitor plates. (Figure 3.3.5. witi Si
open, S2 closed and S3 in position 't'.) Figure 3.3.6. is for
three different values of contact potential and gain k
(corresponding to those of figure 3.3.7.).

k is calculated from

figure 3.3.6. by dividing the intercept on the x axis by th
on the y axis
i.e.
"pen loop output for no applied voltage
k

=

eontact. potential

By fitting the best straight line to each of the traces on
figure 3.3.6. it can be shown that variations in kare not
greater then 10%. In the rotating system, however, the average
value of k remains constant and can be accurately set since it 'is
a direct function of L. Allowance can therefore bg made for the
fact that k-: 1 since the value of k is known. Hence, if a
quantity V 0 /k is added to the output voltage, the result is
exactly equal to V, allowing for no random fluctuations in k.
CP
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If the output voltage is V from a contact potential
difference V with k set to a value k which fluctuates thi'ough
S cp
±
is taken as (((k + 1)/k)V , the error,, in V C
, and V
S.

0

Cp

can be shown to be

I

(303.?)

If ak/k has a maximum value E. the, as a percentage,

= 100-

Figure

shows this function plotted for E = 0.05,

0.10 and 0.20 for a wide range of k. The shaded region is
bounded by &= 0.05, E = 0.20 9 k = and k = 20. This is tie
- region of operation of the system for reasonable transient
response compatible with a steady-state measurement error of
better tnan 2% and normally less than 1%. To this must be added
the zero drift error which in the present system is ± 5 mV, but
this could be reduced by better screening of the electrodes.
Furthermore, if it is required to change L,this is much
more readily done on the rotating system with much less risk of
the plates touching. One problem that is eliminated by employing
a rotating rather than a vibrating dynamic capacitor is that the
latter in practice usually depends on a mechanical resonane for a
reasonable value of conversion efficiency, which may make the
interpretation of results difficult if, as has been ieported (16)
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the contact potential difference is frequency dependent. Unlike
the vibrating system, the operation of the rotating capacitor is
not dependent on the medium between the plates and requires no
adjustment for changes in pressure. This allows the facility of
operation to be expkithd to the full as the surface potential of
films can be measured not only during high vacuum deposition,
but also with equal accuracy under any subsequent changes of the
gaseous environment. Also, within the experimental error of the
technique, the deduced values of contact potential were found to
be independent of the electrode spacing, L, within operating
limits.
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CHAPTER ],
DESIGN AND CONSTRUCTION OF APPARATUS.

Introduction.
This chapter in the first section presents a justification
for a U.H.V. work chamber, followed by a specification of the
requirements of such a system. A description of the actual
vacuum system employed, with the expected pumping performance
is then presented. In the second section details are given if
the design and construction of the apparatus

to be installed in

the vacuum chamber. Finally, in the third section, the
instrumentation employed to monitor and measure the various
required parameters during the experiments is described anc'
illustrated.
Ll. Vacuum Chamber
Li.l.l. Vacuum Chamber Recuired. It is required that thin metal
films are prepared by vacuum deposition. Furthermore, it is well
known that residual gases present during deposition, especially
water vapour, can significantly influence crystal growth (169) (170)
However, even if the total gas pressure is sufficiently
low that growth is not noticably effected by residual gases,
surface effects an a result of adsorption can become evidert in
a few minutes at pressures as low as 10 torr, e.g. that of
oxygen on aluminium (29)

In the extreme case of unity sticking

. 103.

coefficient a metal surface in a gas pressure of 10 torr
becomes covered with a monolayer of adsorbed gas molecules in
a few minutes. Thus it is apparent that a vacuum system having
-9
a base pressure of 10 torr, or better, is required for this
work. With a pressure of this order the residual gas composition
can be better eorj:brolled since gases can be bled into the vacuum
system without resulting in a pressure which is too high to allow
investigations in the onset of surface effects of these gases.
Hence, provision is to be made for mounting a leak valve on the
chamber. Other feedthroughs required in the chamber walls are;!) A high speed rotary feedthrough for rotating the
twheel' with eight substrates mounted on it.
High power feedthrough for taking power to the
evaporation sources.
Slow speed rotary or linear motion feedthrough for
changing evaporation sources.
Multi-way instrumentation feedthrough for low
power electrical connections to within the vacuum
chamber.
Precise linear motion feedthrough for positioning the
reference electrode with respect to the wheel mounted
substrates.
Viewing ports for making various visual checks.
Suitable mounting point for a mass spectrometer in
order to analyse residual gases in the chamber. - All of these feedthroughs are readily obtainable

ELECTRIC
HIGH

SPEED

ROTARY

STAINLESS-STEEL
MASS

WHEELER

ONE

1 '/i

I. D.

HEAD

CHAMBER
&

-

-

-

4

MAGNET-

FLANGE
PORTS

SECTION

VITON

:~~
Mwo=_.

FEE DTHROUGH

VACUUM

SPECTROMETER

TEN

MOTOR-

SEAT

BAKEABLE

OF

OVEN

.

VALVES

-

VALVE
Su

INSULATING

-

-

,

V 11

Ii

_

~~

f

Figure
Vacuum System

ON PUMP CONTROL UNIT

BAKE-OUT CONTROL PANEL

BAKE-OUT SOCKET PANEL

.

T.S P. CONTROL

VACUUM

UNIT

MEASUREMENT

OVEN POWER CONTACTOR

4L2
Vacuum System Instrumentation

.lo!..

for fitting to a stainless steel vacuum chamber using
onflat flanges.
Also, a stainless steel chamber is suitable since stainless
steel has a slow surface degassing rate, especially after being
baked at high temperatures under vacuum ,which is necessary for
obtaining U.H.V. conditions; and that very robust, large stainless
steel vacuum chambers can easily be obtained which are readily
accessible. The all-dry pumping systems normally used with steel
work chambers do not suffer fron the surface contamination e'fects
that diffusion pumps are known to

.

In fact., triode ion

pumps of the Vac-Ion type help clean surfaces in the chamber
slice a glow discharge occurs until the pressure is reduced to
below O torr, and it is well known that such discharging s'rves
to clean surfaces. Electrical screening is made easier with an
all metal chamber than --, or a glass one, since it is usually
necessarr to paint the outer surface of the latter with a
conducting layer which is then connected to earth. The only
serious disadvantage of present day vacuum systems constructed
from stainless steel is one of expense, which was not a problem
for this work since an all-stainless steel system was made
available.
L4.l.2. Vacuum System Employed. The system is a modified Vl-220
Varian vacuum system, and is shown in figure

It is pumped

by two Varian 941-5610 sorption pumps, a 50 litre per second VacIon pump and a three element titanium sublimation pump (T.S.P.).

.105.

A bakeable valve isolates the roughing pumps from the chamber,
and two non-bakeable valves allow the sorption roughing pumps to
be operated alternately. By working in this way a roughing
pressure suitable for starting the ion pump is reached in a
relatively short time

The base pressure expected with

the combination of the pumps described above is of the order
;a

of 10 torr provided the system is given a bake at, say, 200 °C.
for several hours, and that the chamber contents are made of good
vacuum materials. A good vacuum material is one that has a very
low vapour pressure, does not have foreign substances on its
surface which outgas significantly, and can withstand the bake-out
temperature without changing its characteristics. The time taken
to reach the base pressure will be largely determined by the
duration of the bake and the considerable period that the stem
and contents will take to return to approximately room temperature.
Hence, the time from starting to chill the roughing pumps to
reaching the base pressure will be of the order of 15 hours. The
chamber is 12" diameter and is in two parts, the top being held to
the base part by a Wheeler flange. As seen in figure 2,1.1. the
top part has fitted to it the high speed rotary feedthrough and
the mass spectrometer head. The lower part has ten 1" I.D. ports
fitted at regular intervals round the circumference of the chamber,
as well as the two pumping ports and the T.S.P. element cartridge.
All of the flanges used are of the C.onflat type. During th
bake-out period the roughing pump system is removed at the
bakeabe valve joint. Also various parts of the feedthroughs are

For ke)
numbers - see nex

Key To Figure 4.2.1 (on Previous Page).

Varian high speed rotary feedthrOugh.
Conflat flanges (bolts are not shown).
Adaptor piece from rotary-feed.through shaft to wheel shaft.
Top plate of wheel assembly.
Shaft for wheel.
Milled teeth to give dynamic capacitor synchronous pick-up signal (not used).
Wheel holding 8 substrates.
End race set for shaft.
Electrical output from reference electrode.
Bottom plate of wheel ass'nbly.
Rotolin bearing and housing to allow vertical movement of reference
electrode.
Legs (4) of whcel frame assembly.
Push-rod connected to reference electrode.
Staiiless-steel vacuum chamber wall.
Baffle for evaporation source.
Wheeler flange rlamp assembly (i of 25).
Wheeler flange with only one bolt assembly shown.
Base plate for wheel assembly.
Rotolin bearing for guiding connecting rod.
Electron beam evaporator head containing filament and electron optics.
Inclined plane to converr. from horizontal to vertical motion.
Source crucible.
Stainless steel block/

23.

Stainless steel block housing Rotolin bearing for horizontal push rod.

24.. Electrical input for electron beam evaporator.
One of 10 ports with 2
the chamber.

diameter Conflat flanges positioned round

Rotolin bearings of assembly for changing sources.
Rotary motion drive shaft for changing sources
Geneva mechanism for changing sources.
Castor running on an inclined plane on a wheel to give vertical
positioning of the crucibles.
Titanium sublimation pump guard.
Roughing port.
Titanium sublimation pump elements (3).
Ion pump port.
34..

Port for titanium sublimation pump power feeclthrough.
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including the mass spectrometer magnet, the high speed rotary
feedthrough magnet and motor, the plastic pieces of the precise
linear and slow motion rotary feedthroughs and all external
electrical connectors except the H.T. lead to the ion pump. The
whole vacuum system is mounted on an insulating base of
Sindanyo board, which is an asbestos filled cement made by
Turners Asbestos Cement Co., on ii1 thick asbestos. In order to
reduce dust from the asbestos it was treated with several coats
of potassium silicate. An oven made of 1 11 thick asbestos
covered with aluminium sheeting completely enveloped the vauum
system. The oven was in sections, one of which was shown in
figure l.l.l., and had on its inside heating elements with a
total heating power of 6 kilowatts. Instrumentation was such
that the power to the oven could be switched on or off depe.-ding
on the pressure in the chamber, the duration of bake required,
and the temperature as measured at set points by chromel-alumel
thermocouples. Figure 4.1.2. shows the front panels of the
bake-out control instrumentation together with the other
electronics concerned with the creation, control and measurement
of the low pressure in the vacuum chamber.
4,2 4 Design of Vacuum Chamber Contents
4.2.1, Dynamic Capacitor The starting point for the design of
the wheel dimensions is that 2 cm by 3 cm. 7059 Corning glass
substrates are to be used. From section 3.j.the instrumentation
gain is proportional to the frequency of the A.C. current generated
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by the dynamic capacitor, i.e. to the number of substrates
mounted on the wheel, and the gaps between successive substrates
should be approximately equal totthe substrate width for high
fundamental component of the current generated. From these
considerations, 8 substrates, as shown in figure 3..3. 1 is a
convenient number consistent with 'a wheel size which is not too
large to result in appreciable wobble during rotation. The
wheel is made of Fluorosint, manufactured by G.H. Bloore & Co.,
which is a glass filled P.T.F.E. with a low vapour pressure and
an almost linear temperature coefficient of expansion unlike
most plastic based materials. It is a very good insulator and
is easily machined, although it is relatively expensive (LfO per
square foot for " thick sheet). Recesses are machined in the
wheel in order to locate thesubstrates, which are held in place
by beryllium copper spring clips as shown in figure 3..3.

The

wheel is mounted on a non-magnetic stainless steel shaft which
is located at two points by ball bearing sets, see figure 4.2.1.
Referring to figure 1.2.1. 1 the shaft

(5) mates with a drive

shaft (3) rotated by the magnetically coupled high speed rotary
feedthrough (1). By having a magnetically coupled drive no
actual shaft has to penetrate the vacuum chamber wall. The ball
bearing sets are mounted on the top plate (Li.) and on the baffle
plate (10). Four legs (12) are securely fixed to these plates and
screwed to a" thick base plate

(is).

The base plate is bolted

to three small fixing platforms which are welded to the chamber
wall, see figure +.2.2. The plates and legs are of stainless steel

-
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with all of the blind screw holes having relief holes drilled
into them so that no pockets of gas in these blind holes could
limit the pressure by outgassing over a prolonged period. Still
referring to figure 4.2.1., the reference electrode is mounted
on the top end of the push rod (13). The rod is located in the
horizontal plane with Rotolin bearings (11 and 19): housed in the
baffle plate (10) and base plate

(is) respectively, and in the

vertical plane by the bearing (21) running in an inclined slot.
The reference electrode can then be raised and lowered by
horizontal movement of the plunger moving in the bearing housing
(23), causing the bearing (21) to run up and down the inclined
slot. The plunger is ixec3 to the precise linear feedthrough via
the push bar see figure F.2.2. By the use of this mechanism the
reference electrode can be sot in the vertical plane to wit.iin
approximately ± .01 mm., and a measure of its position is obtained
direLtly from a dial on the linear feedthrough. However,
considerable backlash in the mechanism has to be allowed for.
Reference electrodes which are spherical (156), cap shaped (29)
and planar have all been used in contact potential studies. In
this work a round reference electrode of stainless steel, was used
having an optical finish, and ccated with v1500I. of gold deposited
in a vacuum system with an oil diffusion pump. The electrode is
separated from- the push rod by a disc of FluQrosint, and electrical
connection is made by having a thin foil of beryllium copper
protruding from the electrode/fluorosint junction which was made
with a layer of Silastoseal vacuum leak sealant. Capacitance
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variations between the reference electrode and the wheel mounted
substrates, as shown earlier in figure 3.3.4, for a typical
measurement, could be repeated very easily using the mechanism
described above for controlling the electrode-to-substrate gap.
For the capacitance variations on figure 3..1+., assuming the
arbitrary scale represents picofarads, then the extremes of
amplitude variation are approximately 3 and 5 pf. Thus the
variation in gap width, assuming an electrode area of 2..10
sq. m. and no fringing effects, is
0.E5 mm to 0.51 mm.

i.e. a difference of 0.34 mm.
This represents the combined effects of uneven substrate
mounting, substrate thicknesses which may vary a few thousandths
of an inch, and the wobble of the wheel as it rotates. The
wobble however would be somewhat exaggerated at the very low speed
of rotation used for making the capacitanot measurements.
A reasonable approximation to the capacitance C variations on
figure 3.8.14.

is

C = C0

±?.

Far?*c

where Co is the background. capacitance
L40

is the frequency of the capacitance
variations in radians-per second

and t is the time in seconds

(4.2.1)
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If

is say ,o1 radians per second, then differentiating

equation (4.2 o 1) with respect to time yields

()

cAC

Substituting for

in the equation for the A.C. current,),

generated by a dymanic capacitor
CA C
cA

A

i.e.

(4.2.3)

yields

2— 0 C, G.T.

A

V,

(o',t)' (4.2.4 1

or as an rm.s. value

(4.2.5)

amps r.m.s.
t fl\$

7

If the input impedance of the pre-amplifier is1Or then the
input voltage,'ças an r.m.s, value is
-Il

O.O•'7.2..0 .

\i

volts r.m.s.

Hence the conversion efficiency, as defined previously in
section 3.1.1., is given by
e cn = 000LS

i.e. for 1 millivolt of contact potential there is an input
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to the instrumentation of 2.5. micro-volts r.m.s. at the
fundamental frequency.
Capacitance variations of the rotating dynamic capacitor
are very much independent of shock and vibration in the vicinity
of the apparatus. When a 16 lb weight was dropped from a height
of two feet, a few feet from the chamber, onto the suspended
concrete floor supporting the apparatus no change was observed in
capacitance measurements. For vibrating capacitors located on the
same floor and subjected to the same treatment very noticeable
changes in capacitance took place.
The synchronous signal input is obtained, as explained

[ö]

previously, from a photo-diode which receives the chopped light
beam reflected from a quartz lamp. On figure 4.2.5. the
photo-diode and lamp can be seen separated by a baffle. The
light received by the photo-diode is reflected by the substrates
from the lamp, and hence is at the same frequency as the current
signal at the reference electrode. The diode is a L3400 (Texas
Instr. Co..and the l

Wotanttpe 645 MID. quartz sotce.

4.2.2. Evaporator. A multi-source electron beam evaporator unit
suitable for U.H.V. was designed and constructed for use with the
Birvac type RG1 Ring Gun conso,e. Figures 4.2.2. and 4.2,3. show
the various parts of the unit. An electron beam evaporator was
chosen in preference to other types because only two high power
feedthroughs are required to operate, in this case, up to six
different sources, each one of which is located in he same
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position when being evaporated. Furthermore, the evaporation
stream- passes up through the electron beam, and hence will have
a relatively high ion density. These ions will help to clean
the substrate, and also the charge of the ions will result in the
deposited films being continuous at a lower mean thickness than
for a thermal-source
ion density ca

An indication of the minimum possible

be got from the report by Chopra (173) that a

silver source at about 1200 ° C when being deposited at a ratc. of
0

501\ per minute has one out of every 2000 silver atoms with a net
positive charge. The evaporator filament is of tantalum and
emits electrons in the temperature limited mode. Operating in
this mode means that once the gun has reached an equilibrium
state, with a fixed current passing through the filament, then
the emission current is relatively insensitive to changes i:i the
H.T. voltage between the filament and evaporation source which
can Ience be used as a fine control over the evaporatthon rate.
If instead, the filament current is used as the fine control,
then a long time lag occurs before equilibrium conditions are
reached, which will usually result in an overshoot of the desired
evaporation rate. Such variations in the evaporation process
are not desirable since the film growth is dependent, at least
to some extent, upon the evaporation rate. Referring to figures
4 0 2.2. and .2.3. a brief description of the.. source changing
mechanism, which is thought to have some unique features, is now
given. The turntable holding the crucibles is secured to the
shaft carrying the driven star wheel of a Geneva mechanism.
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The Geneva driver is on a shaft which is botated through a crown
and bevel gear by the slow speed rotary feedthrough. Four
revolutions of the feedthrough shaft represents one complete
revolution of the driver shaft and one crucible shift of the
turntable. In order that the crucibles are positioned well into
the neck of the evaporator head a circular inclined plane is
screwed onto the bottom of the driver shaft. A castor arrangement
at the foot of the driven shaft runs on the inclined plane and
causes the crucibles to be raised and lowered at the appropriate
times. The two shafts are located by four Rotolin bearings
housed in the upper and lower plates; of the assembly. Three legs
supporting the plates reach to the chamber floor, and ij order ,
to prevent the whole assembly from moving in the chamber, three
locating rods are bolted to the base plate, see figure 4.2.t.
The evaporation stream from the crucibles reaches the rotating
subsrates through holes in the base and baffle plates. To
confine the evaporation stream, baffles are fitted round the
evaporator and between the baffle and base plates, as shown in
figures 402.2. and 4.2-4. respectively. A shutter,which can be

moved with a magnet from outside the vacuum chanber,as. shown in figure
4.2.5., allows the evaporation $tream to be prevented from

reaching the substrates. The power leads to the evaporator head
are self-supporting copper strips which are slotted into the high
power feedthrough and bolted to the evaporator unit. Insulating
parts required were machined from a ceramic material (Alsil), and
with the exception; of the bearings, filament, and copper leads
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all parts were of non-magnetic stainless steel. All blind screw
holes had relief holes drilled, and the bearings and Geneva
mechanism were dry lubricated with raolybdenuin disulphate powder.
This wqs found to be an excellent way of lubricating all of the
bearing used in the apparatus for use at the U.H.V. provided that
all excess powder was removed, and that the bearings were run-in
for several minutes before use. The crucibles used were shaped
from double layer molybdenum sheet, except for use with aluminium
when carbon crucibles retained by steel clips were employed. The
latter was done because aluminium is known to react with
molybdenum at high temperature.

4. 2.3. Film Thickness. A quartz crystal resonating at a nominal
frequency of 6 MHz is used with an Edwards type F.T.M.l fur
thickness monitor. The rate of evaporation and the thickness of
deposit can be obtaincd by suitable calibration of the frequency
change for a known thickness of film.,, The crystal is located in
an earthed casing..as shown in figure 4,2.5, with a

diameter

hole located under the centre of the crystal in the crystal casing
and the baffle plate. The crystal is thus exposed to the
evaporation stream continuously and can hence be used for sebting
up outgassing. and evaporation conditions without evaporant
reaching the substrates. Also he crystal, because of its
location, receives apprximate1y sixteen times the area density
of source material than the substrates do. This makes the crystal
more sensitive to very thin deposit measurements provided complete
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condensation of the evaporant can be assumed to take place on
both the crystal and the rotating substrates. Considering the
distance of these faces from the source, the-shielding from
radiation that they have, and that thefl substrates are nominally
at room temperature, this is a reasonable assumption. However,
allowance will have to be made for the frequency shift of the
crystal as a result of heating by the source for all measurements
taken.
14.2.11.. Electrical Resistance of Films. It is required that the
electrical resistance of metal films be monitored during the
formation of various condensed and adsorbed layers. The obvious
way to do this, since the substrates are rotating, is to mount
the measuring circuitry on the wheel and allow it to rotate with
the substrates. This way no rubbing electrical contacts are
required. The power necessary can be supplied from a wheel
mounted battery. The circuit shown in figure 42.6. allows
the resistance to be measured as a calibrated function of the
frequency of tie signal obtained by a radio receiver on
demodulating the 450 khz ii.M. modulated signal transmitted across
the aerial system. A calibration of film resistance versus
frequency is shown in figure 4.2.7. Unfortunately no battery
power source could be obtained which would withstand the planned
bake-out temperature of tpproximately 200 ° C. Thus rubbing contacts
had to be employed for supplying the necessary power to the circuit.
As shown in figure 4.2.* the contacts .,made of beryllium copper
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strip, made contact to the wheel at slip rings constructed from
used U.H.V. copper gaskets. Although perhaps not essential, a
rubbing earth contact was made together with the necessary
positive and negative supply lines. The circuit on figure 1.2.6.
was constructed on a 3ci.

2cm. glass substrate in thin film form

with discreet capacitors and active components. Figure 4.2.9.
is a photograph of this actual circuit. The substrate was
coated with richrome and gold, and the resistors and connection
pattern were formed in the usual manner by photographic and etch
techniques. A high tempet'ature solder was used to secure tiit
components added, and gold wire one thousandth of an inch
diameter was used to wire the circuit to the slip rings, crystal,
thin film and aerial system. The circuit components all had a
storage temperature rating of 200° C or higher, and it was
considered, and later confirmed, that the components would
operate at U.H.V. without being significantly detrimental to
the pressure. Figure 1+.2.. shows the aerial system, which was
constructed from four and six inches diameter U.H.V. copper
gaskets, and the microcircuit and crystal mounted on the wheel.
Unfortunately, although it is considered worthwhil:e. to. report
this technique for resistance measurement,ito sens.tivity was
not good enough, and an alternative method of measuring the film
resistance was adopted. Why it was not successful can be seen in
figure 4.2.7.) which shows that for a film resistance of less than
say 1 kcL, a± accuracy in frequency measurement is required for
a*O% accuracy in resistance. With the rubbing contacts employed
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frequency measurements did not consistently agree to better than
±o%

The alternative, is to have a substrate mounted directly

above the wheel in the path of the evaporation stream, as shown
in figli.re 4,2.1+.. One of the recessed gaps between successive
substrates on the wheel was removed in order to allow the same
quantity of evaporant to reach this substrate as the other eight.
This substrate is subjected to exactly the same cleaning and
coating procedures as the wheel mounted substrates, which should
ensure that it behaves electrically in a similar manner. Electrical
contact is made to it by' spring terminals onto evaporated mal
lands at each end, tnd. a thermocouple is mounted on it at one.
end to give an indication of' temperature changes taking place.
However a current must be passed through the film on the substrate
in order to measure its electrical resistance and hence care
must be taken that this current does not influence or change the
structure of the film. Using this technique resitance changes
can be accurately followed even when the absolute value is small.
Instrumeruat ion.
3.1. Contact Potential Recording, Figure 4.3.1. shows the rack
of electronics used for measuring and recording the contact
potential. The digital voltmeter gives a direct reading of the
output voltage V which is related to the contact potentia 1 ,V,
by

.u.
where k is the open loop gain.
can be recorded on the y axis of the xy plotter as a
.unction of time with the x axis driven by a Hewlett Packard type
17108 -- A time base. The time base is also used as a ramp generator
since it is battery operated and cangive very slowly varying ramp
voltage signals. All of the electrical connections from the contact
potential instrumentation to the vacuum chamber are made by a
twenty-way Canon connector, shown on figure 1+.3.1., which fits
directly onto the multi-way electrical feedthrough.
The following is the procedure adopted for making the
instrumentation ready for measurements to be taken. Firstly a
static capacitor measurement as described in secti:n3..3 .1.
is carried out, using a Wayne Kerr type 23 01 universal bridge,
and the capacitor gap is set to give a capacitance variation of
approximately 5 pP froir peak to peak. For the time constants
used an open loop gain of
section 3 .3.3.

15 is required, as shown in

The type HR8 lock-in amplifier gives an output

cf±l0 volts D.C., with the requisite synchronous input signal
having zero phase difference from the input signal, for full
scale input over all of the voltage ranges. Hence, since the
conversion efficiency,'4,can be calculated knowing the peak to
peak capacitance variation and the frequency that the wheel is
to be operated at, the input voltage setting should be

volts r.m.s.
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if

'

e is, say, about 0.002 as calculated previously,

1

then a suitable setting for the lock-in amplifier is 1 millivolt
r,m.s,

A fine control over the gain

K is provided by the

precise linear feedthrough controlling the capacitor gap.
Having decided upon the input voltage setting on the lock-in
amplifier, the lamp for the synchronous signal is switched on
and the wheel is rotated by energising the motor driving the
high speed rotary feedthrough. The wheel speed is increased
slowly until it is rotating at about

Lf

revolutions/second.

The speed of the wheel is monitored by rotating the frequency
tune of the lock-in amplifier until a maximum reading is
obtained on its meter when monitoring the r.m.s. voltage from
the photo-diode. Once the synchronous signal maximum is steady
at

30 hz its amplitude is set according to the HR8 manu1

using an amplifier in the loop control box and the attenuator
in the lock-in amplifier. The minimum lamp intensity consistent
with sufficient signal level is used in order to minimise the
chance of the lamp burning itself out in the vacuum chamber.
A further reason for the low intensity is to minimise the
temperature rise of the wheel-mounted substrates as a result
of being heated by the radiatioa from the lamp. Having set the
synchronous signal input level and decided upon the amplifier
settings, the next step is to use the phase-shifter of the HR
to make the synchronous input and the signal input enter thE
mixer stage with the correct phase relationship. This is done
by monitoring the D.C. output of the lock-in amplifier for
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phase shift settings of 00 to 3600 in convenient steps, and
determining where the maximum output is with the correct polarity.
The correct polarity is determined by considering the polarity
of the voltage across the dynamic capacitor. The angular
setting for this maximum output represents the required
condition of no phase difference between the two signals.
The open loop gain

is then measured. accurately by applying

a sweep voltage across the dynamic capacitor as explained in
section 3.3.3.

All of the lock-in amplifier settings are noted,

and the feedback loop closed by a switch on the loop controt
box. The digital voltmeter now gives a reading of V 0 , and the
XY plotter, with a suitable time base, records V 0 as a function
of time.
Other Quaitiescrded. The other quantities recorded
during the experiments were?1) Evaporator Settings. The H.T. current to the crucibles,
H.T. voltage between filament and crucibles, the
current through the filament, and which crucible is
employed are all noted for each evaporation in order
to allow repeatability.
ii) Electrical Resistance. The electrical resistance of
the stationary substrate located above the wheel is
measured and u.oted at regular intervals of time using
a Keithley type 610,3 electrometer. For some early
experiments a constant current source was employed
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which allowed the resistance to be recorded directly'on a chart recorder, however this method was
discontinued in favour of the electrometer since,
as will be seen later, high current density effects
became troublesome
Terqperature. Several thermocouples had their e,zn.f.
variations rbrdtcred on a Honeywell-Brown potent.iometic
recorder. These thermocouples, with one exception,
were positioned at various points inside the oven,
but outside the vacuum chamber, during the bake-ct.t
period. Only one thermocouple was positioned inside
the vacuum chamber, and was used not only during the
bake-out period, but also during evaporations.
Film Thickness and Deposition Rate, The D.C. ou.put
voltage from the Edwards type F.T.M.l crystal
monitor control, which is proportional to the frequency
of the quartz crystal, was recorded on the Brown
recorder. Thus a record of mean film thickness was
kept. Also as a check the rate of frequency change
was noted directly from the front panel meter on the
Edwards control box
Pressure. The D.C. voltage from the tpressure rec ordt
output of the control box for: the Varian Vac:-Iai
pump was connected to an input of the Brown recor:ler.
Although the D.C. output is not a linear function of
pressure the manufacturers do supply a calibration
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chart which allows it to be converted to a pressure
reading.
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dAFTER 5
EXPERIMENTAL PROCEDURES AND RESULTS.

•Inroduction.
The first section in this chapter is concerned with cleaning,
assembling and testing the apparatus installed in the vacuum
chamber. This is followed by a brief description of the
procedures used to obtain the required low pressure in the vacuum
chamber. In sections 3 1 L. and 5 the experimental results
obtained are reported and shown in graphical form. The chapter
ends in section 6 with thp results of examinations of the thin
metallic films carried out by various techniques after venting
the vacuum chamber to atmospheric pressure and then removin; the
films from the chamber.
5.1. Preparing Apparatus.
5,1.1. Cleaning-Procedures. In order to obtain ultra-high vacuum

conditions it is necessary to thoroughly clean, and then maintain
clean, all parts of the vacuum apparatus. Parts made of different
materials are usually cleaned in differing ways, but the
principally used methods are
Immersion in various solvents..
Mechanical polishing. ..
Ultrasonic cleaners and vapour degreasing baths.
Once all of the apparatus has gone through the cleaning
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process it is important that no organic stains, such as
fingerprints, subsequently appear on it, and that dust in the
vicinity of the chamber is kept to a minimum when it is open to
the atmosphere. These potential limitations on the pressure
are minimised by taking the precautions of wearing nylon gloves
when handling pieces of apparatus, and of working in clean-room
conditions respectively. After being cleaned, any parts ofhe
apparatus which are not installed immediately in the chamber
are stored in a clean air cabinet. The chamber itself is
cleaned when empty, firstly with a vacuum cleaner and then
wiped with a tissue (Kirawipe) soaked in isopropyl alcohol.
After a blast of nitrogen with a high pressure cylinder to
remove any foreign particles, which might result in bad
seating of the copper gaskets, all gasket seats are given a
similar wipe. All of the stainless steel parts are subjected
to the following cleaning and polishing steps:t) Mechanically polishdusLig carboruiidum stone, fine
carborundum grinding powder, emery cloth and Brasso.
Lmnered in a warm solution of Decon 2 for several
hours.
Immersed in a shollow vessel of concentrated detergent
solution for several hours with a constant supply of
water entering the vessel until no trace of the
detergent could be observed.
If too large to fit into the ultrasonic cleaner
container

(3" diameter by 3" deep) the part is
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suspended in a vapour degreasing bath (constructed
from a tea urn with water cooling coils installed at
the top) for several hours.
If the part is small enough, it is ultrasonically
cleaned for several hours in isopropyl alcohol.
Each part is taken from the ultrasonic cleaner, or
the urn, to the clean air cabinet ready to be
assembled with the other parts.
All of the smaller parts which did not require mechanical
polishing such as the bearings, substrate clips, electrical
stand-offs, nuts, bolts, etc., etc., were immersed in isopropyl
alcohol in the ultrasonic cleaner for several hours. The large
piece of Fluorosd.nt making up the wheel was mounted on its shaft
and secured to the top plate by the ball bearing set and hous..ng
which had a light interference fit onto the sh.ft and top
plate recess. This sub-assembly was placed in the vapour
degreasing bath for several hours before the eight substrates
were mounted or. it. The 7059 Corning glass substrates
themselves were cleaned in the following way:-.
j) Immersed for several-minutes in a solution of R.B.S.
25 (Chemical Concentrates Ltd.) in the ultrasonic
cleaner.
Washed in distilled water...
Immersed for several minutes. in isopropyl alcohol in
the ultrasonic bath.
Placed for several hours in a vapour stream of a
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cycling condenser containingnàlar isopropyl alcohol.
Before being installed in the chamber the two principal
assemblies of the electron beam evaporator and the apparatu.
monted on the base plate, as shown in figures 4.2.3. and
4.2.I+. respectively, were placed in the vapour degreasing urn
for several hours. They were then transferred directly from
the urn to the chamber.
5.1.2. Assembling and Testing A list of procedures to be
followed were drawn up for assembling the apparatus in the
vacuum chamber. This was done to minimise the time required and
the risk of evacuating the chamber only to find that some part
of the apparatus was not functioning properly as a result of
incorrect assembly or faulty electrical wiring. The list hL.c.
approximately fifty items in it, commencing with cleaning the
chamber, and finishing at evaporating from the sources. Great
care was taken during this period not to damage the copper
gasket seats on the flanges, especially on the Wheeler flange
which is in a very vulnerable position. New copper gaskets were
used each time a flange was loosened off, except for the Wheeler
flange where the cost of gaskets (5 for three) made it
worthwhile to risk using ore gasket for several evacuations of
the chamber.

A test that was always made before closing the

chamber was to ensure that the electrical contacts onto the
gold-land areas deposited onto the substrates were of low
resistar.ce, This test is essential because even one substrate
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with a bad contact can be very troublesome since charge may
build up on the substrate surface resulting in spurious, if not
completely useless, contact potential measurements. Between
successive experimennts it is important that the reference
electrode is not scratched or otherwise changedbecause it is
required that it has a constant effective work function
throughout the experiments. Figures 3.3.3,, 4.2.3., 4.2.2.,

4.2.5.

4.2.1. and L..l.l. show the apparatus in

succÔssive stages of assembly.
.2. .Evacuating Chamber.

5.2.1. Pumping, Between successive evacuations of the chamber
the sorption roughing pumps were baked using specially fitted
heating elements in order to regenerate their sieve materia.
After the check list of procedures is complete, baking of the
sorption pumps is stopped and they are then chilled with liquid
nitrogen to their operating temperature. At this stage both of
the Viton seat valves in the bakeable valve roughing line) and
the bakeable valve itself, are closed. Figure 5.2.1. shows the
valve and pump arrangement on the vacuum chamber. When the pumps
are considered to be at approximately liquid nitrogen temperature
the two Viton seat valves are opened alternately and the pressure
for each pump measured using the thermocouple gauge, corresponding
to region k on figure 5,2.2.. On reaching ;4 pressure of lmieron
or better the bakeable valve is opened fully with one of the Viton
seat valves closed. The chamber then takes thirty to forty minutes
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to reach a pressure of about 10 microns, after which the Viton
seat valve which is open is closed, and vice versa, Within thirty
minutes the pressure falls to less than 5 microns. Roughing with
the sorption pumps corresponds to regions B and C on figure 5.2.2.
Before starting the ion pump ) the leads from .the quartz crystal of
the thickness monitor are made open circuit, and those, of the
photo-diode are shortcircuited to earth. These precautions
prevent destroying the input transistor on the thickness monitor
instrumentation and the photo-diode respectively. No such
precautions were taken the first time that these devices were
used, and as a consequence both had to be replaced. The whole
vacuum chamber and the ion pump itself become very hot, and
remain so, from the time that the ion pump is switched on until
the pressure is reduced to less than ,a5. 1 0

torr, which

corresponds to a pump power dissipation of approximately 20 watts.
The peak power dissipation, of over 300 watts, occurs at 1.8 to
-3
2.OX tO torr.. While the bakeable valve is still open to the
roughing pumps the T.S.P. elements are outgassed, and the T.S.P.
timer is set to give a short duty .cycle to help the ion pump to
pass quickly to a low pressure. The bakeable valve is closed'
with a torque wrench to a torque of 45 lbs/ft. when the pressure
reaches 1.5 to 2.0 microns. During the period when the chamber
is hot electric fans are employed to aid cooling, but usually even
they cannot prevent the chamber from reaching temperatures t.iat
cause the pressure to increase. When this happens the ion pump
and T.S.P. are switched off for several minutes, and if the pressure
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rises to more than 2.10 torr the bakeable valve is reopened in
order to allow the roughing pumps to contain the pressure rise.
Typical times are, three quarters of an hour from starting the
ion pump to closing the bakeable valve for the last time, and a
further three quarters of an hour before the chamber reaches a
-3
pressure of 5.10 torr. These times correspond to regions D
and E on figure 5.2.2.

Once the chamber pressure is below

10 torr there is no further risk of a discharging occurring,
and the various electrical circuits within the chamber are
tested for malfunction. Assuming the circuits are all found. to
be in order, then the chamber is prepared for a bake, or as it
is usually called , a 'ba 1 e-out.?
5 2.2, __ Bake-out. The chamber is prepared for the bake-out as
.

,,

described in section 4.1.2. The thermocouple for controlling
the oven power switch 4 s positioned inside the top of the oven,
but outFide the chamber, and 200 0 C is set on the bake-out control
panelas the switching level. The pressure level for controlling
the oven power switch is set at 10 torr, i.e. fora pressure of
)10 torr the oven power is switched off but is automatically
-6

resumed when the pressure goes below about•/ 10 torr, The timer
that determines the duration of the bake-out is set to two hours,
after which the power is switched on and the bake can commence.
At the end of the two ho - ir period, corresponding to region F on
figure 5.2.2., the oven is opened up in order to •outgas the
evaporation sources, and to further outgas the T.S.P. elements.

0
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The crucibles are considered to be sufficiently outgassed when
ten minutes at red heat with the crucible contents on the point
of evaporation (as observed with the quatrz crystal monitor)
does not appreciably raise the pressure in the chamber. The three -.
T.SP. elements are outgassed once again so that when they are
used at U.H.V. they reduce ) and not increase the pressure, because
if the latter occured all of the benefits gained from the bakeout could be lost. Before further baking commences all of the
sets of ball bearings are rotated as a precaution against
pockets of air being trapped,which could be detrimental to ne
pressure in the chamber when they are used after the bake-out
is complete. Region G on figure 5.2.2. corresponds to the
outgassing stage of the evacuation procedures. The chamber is
0

then baked for at least a further three hours at 200 C,
corresponding to region ii on -figure 5.2.2. Region I on figure
5.2.2. represents the final stage which is the cooling down. of
the chamber to room temperature after the completion of the
bake-out, when the base pressure of the chamber is reached within
a period of four to five hours. The base pressure is normally
expected to be <O torr, and a higher pressure would suggest an
air leak at one of the flanges. At the base pressure the T.S.P.
timers are set to give a duty cycle of thirty minutes OFF and
one and a half minutes ON.
Figure 5.2.3. shows mass spectrometer measurements t&-.en
before, during and after the bake-out. On the top diagrin it is

. 131.

seen that before the baking commences the amplitude corresponding
to mass number 19 is very much larger than any other. After even
a slight bake of one hour at 200 0C the middle diagram shows that
the amplitudes corresponding ton-Lass numberl7 and 18 are very
much reduced, indicating that the proportion of water vapour in
the chamber has been decreased. When baked for seven hours at
200 ° C, as seen in the bottom diagram, the proportion of water
vapour is further decreased, but it still remains the single
most prevalent residual gas present in the vacuum chamber. The
other predominant peaks on the diagrams are at mass numbers

+

r1

2, 20, 16 and 15, and l4 corresponding to the gases Ca 2 , N2 and
CO, Ne, CH, and N2 and CH

respectively.

3. Growth of Gold Films.
The first layer deposited in the Varian vacuum chamber for
each of the films made was of 99999% purity gold. The films
were prepared on 3 cm x 2 cm 7059 Corning glass substrates which,
before deposition took place, had a measured resistance of "10 sl
/quare, The substrates were nominally at room temperature, and
the area of substrate used for resistance measurement was
approximately 2 cm x 2 cm. The thermocouple mounted on the front
of the substrate used for monitoring the electrical resistance
indicated that no appreciable rise in temperature occurred, which
may not be a true representation of the actual thin film
temperature rise since the thermocouple wires would act as heat
sinks resulting in only a small t.emperature rise at the thermocouple
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junction. During the deposition of these gold layers no contact
potential measurements were taken until the eight substrates
7

mounted on the wheel had a resistance of less than lO.fl/ square
because the instrumentation cannot operate correctly until the
resistance falls to about, this value. The pressure during
depositions remained at or below 10 torr, and - the -. rate f
deposition was approximately 45A/minute. All Talysurf thickness
measurements were found to agree, within the stated experimental
error, with film thickness values deduced from the frequency
shift of the quartz crystal monitor using the following
relationship for gold.

10.0A ± 20%

32 khz

In order to allow the measurement of contact potential
from the start of depositions,the wheel mounted substrates for
experiments 8 1 9 and 10 were coat€d with approximately 1000A
of gold in an Edwards 19 B coating unit from a 99.9% purity
-ô
source at a p.c€ssure of about 10 torr and a rate of lOOP/
minute. 1A€

La

a

ta\

CCW\C\
-t?-3cc
Figure 5.3.1. stows the resistance changes during the
0

deposition of 60A to 70P of gold for experiments 9: and 10. For
fi1m. R9/1 the resistance changes can be qpproximated by

log10 R = 11.5 - 0.14 P '

(5.3.1,)

* Footnote. All of the films beginning with the ide:ttification R/
are for experiment E, R9/ for experiment 9 and R1/ for experiment]Q.
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where

R is the film resistance in 0/square.

and

F is the film thickness in Angstroms.

On differentiating equation (53.1) the relationship i
obtained

=or using the approximation that L.

(5.3.21 ,

R and &F = CAF , it

follows that the fractional change in resistance for a further
small increase in thickness, t is given by

p.' = - o.t&T
(5. 3-3),

The resistance changes for film RiO/i do not follow a
straight line so closely as for R9/1, however the changes have an
approximate gradient of -4 decades of resistance/SO Angstroms"
which yields a relationship simila2 to equation (53.3). with
the form

AR
R.

=(5.3.1k)

Points A and B for film R9/31 are where the evapor.tion was
stopped for several minutes. At point A the resistance increased
on - cessation indicating a negative temperature coefficient, but at
point Ri a positive temperature coefficient is evident. The points
joined by the dotted line are from the work published by ReAk-

and will be discussed in the next chapter.
The contact potential between the reference electrode and
0

the gold films of experiemnt 7, which were about 170A thick
and. were deposited entirely mi the Varian vacuum chamber, was
- 165 millivolts ± 5 millivo lt s .. This indicates that the
effective work function ) of the gold films was

(r +

where

t 6eV

(503.5)

is the effective work function of the reference

electrode in electron volts.
The gold films prepared in the Edwards vacuum chamber,
which were subsequently mounted on the wheel in the Varian
however, had measured contact potentials of + 235 ± 5

..syst'e

millivolts (R9/1) andi240 i 5 millivolts (R/1) before, any
further Leposition took place. This indicates an effective work
function

of
- o.2-4.0)eV

3

=
.

( 5.36)

Thus the effective work function values for the gold films
prepared in the Edwards (pumped with oil, diffusion and rotary
pumps) and the Varian (pumped with all dry pumps) vacuum systems
differ by approximately 400 millivolts,
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O.L.OQ• ±o03- electron volts

(5317)
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Repeated evaporations of gold in the Varian system onto
the gold films prepared in the Edwards system reduced the
contact potential with recpect to the reference electrode but
not by the whole 0.4 volts. Film R9/1 showed the largest
change of three different sets of films, with the contact
potential decreasing from + 235 millivolts to + 50 millivolb
when a 60,A overlayer was deposited at 10 torr and a rate of

50,V minute. Furthe: ruiore, although the re rerence electrode
surface was prepared by depositing a layer of gold (1000P thick)
onto a stainless steel disc in the Edwards system its effecve
work function is about 240 miflivolts higher than the value for
gold films prepared on glass substrates in the samemanner..
5.4 Silver and Gold Overlayers,

5..4.1. Silver Overlayers, Figure 5.1+1. shows 7three curves of
contact potential versus quartz crystal frequencyr shift for
99.999% purity silver deposited onto thin gold films on glass
substrates. The three films R8/2, R9/2: and R10/2 were deposited
at a pressure of better than 10 torr with a rate of approximately
bOA! minute. All three have a inadmum contact potential value of
0p51 toO,5 ZL volts, and-films -R8/2 and R10/2 show a decrease in
contact potential as the thickness increases. Using the following
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calibration of the quartz monitor for silver
0

100P ±20%

17.5 khz

and by assuming that the fractional change in contact
potential,

, is proportional to the surface coverage,i ,

as discussed in section 2,2,, then figure 5.4.2. was plotted
showing the variations of mean siluer film thickness versus
percentage coverage for films R9/a and R10/2.

A good

approximation to the mean: of the two curves on figure5.4.2. is
- ( -t/2)
(5.Li..l)

where t is the mean silver overlayer thickness in
Angstroms.
Th fractional resistance changes as a function of coverage
The

for filirs R10/2j and R9/Z- are shown plotted on figure

fractional resistance is expressed as the ratio of the resistance
change

.R to the resistance R before commencing depositiOn of

the silver. The dotted line on figure 5.4.3. has the form
(

-

-

/

(5,2.2)

which is seen to be a reasonable approximation to the
experimental points.
When equations (5.1.1) and (5.4.2) are equated ) the result
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is obtained

SR 0

-

O25.t
(5.11.3)

and since it is assumed that E)=

equation (5.4.2)
Ti. Y

yields

(5.1,14.)
I

.4.2. Gold Overlayers. Figure 5.4.4. shows the variations :ri
contact potential with quartz crystal frequency shift for two
gold films,

(R9/3 and R/3), deposited onto silver films

prepared as described in the previous section. The gold was
-B
deposited at a pressure of 10 torr, or better, at a rate
about 20.4/ minute. Just as for the films deposited previously,
the glass substrates were nominally at room temperature. Using the
quartz c'ystal frequency calibration for gold, and ag.in assuming
that

, then the points on figure 5,14.5. were plotted

showing the mean gold overlayer thickness versus percentage
coverage. A. reasonable approximation to the experimental points
on figure 5.4.5. is the line drawn dotted which is represented
mathematically by the equation
ft/ \

The resistance changes taking place in the film on the

Figure
Resistance

5.4.6

1

Changes with Sold Over/ayers

.13 E.

resistance s'ample substrate are shown plotted in figure 5.4.6. as a
function of coverage. It is obvious that there is a large
discrepancy between the two sets of points plotted, which can be
explained on the basis of the different techniques used to measure
the resistance of films R/3 and R9/3, as discussed later in
section 6.2.2. The points of film. R9/3 can be approximated by
the line shown dotted which is represented by the equation
1JR/ 0
/

B t-e

(5.+.6)

The resistance of film R8/3 changes only very slightly over
the complete coverage range measured. The resistance at first
increases slightly, then decreases by approximately 5% from the
mqximuin to the final value at just over 75% coverage. The cctted
line drawn through the points of film R/3 represents the
combination of a resistance increase as a result of a temperature
rise of he film,and the shunting effect of an overlayer assuming
the theory of section 2.2.2. to be relevant. The principal
equation needed from the theory is

(5.4.7)
with the symbols having the same significance as before.
As a simplification

is made equal to

TC

, and the required

relation between() and T is obtained from figure 5,4.5.

For film.

R/3., the film thickness F is equal to 130A ± 20% as deduced from
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the frequency shift of the quartz crystal monitor, in order that
ecuation (54,7) can yield a curve to fit the experimental
resistance changes for film R/3 on figure 5,1.,6 the required
fractional change in resistance with the temperature rise is
+ 0.04, which can be considered to represent a temperature
coefficient of 0.002/ ° C. and a temperature rise of 20 ° C. Any
reasonable temperature rise to give the product of temperature
rise and temperature coefficient a value of + 0,04 is of course
possible, with the constraint that the coefficient cannot be
greater than the biik value.
and (5.4.6) above it follows that

From equations

the relationship between fractional resistance change and
overlayer film thickness, t, in Angstroms is

RO

(5.Lf.)

which obviously can only apply up to

=

0 . 15

r'

55, Alwninjuin Overlayers.
Figure 5.5.1. shows contact, potential changes measured
duting the growth of aluminium overlayers onto a polycrystalline
silver thin film surface. Film R10/3 was grown on a surface
with greater than 99% coverage of silver, and Re/4 on a film with
approximately 50% of silver and 50% of gold present at the surface.
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The latter film was prepared by depositing a film of gold with a
0

0

mean thickness of about 12A onto a relatively thick (u100A) film
of silver. By preparing the film in this way the areas of silver
still exposed to the aluminium evaporation stream are thicker than
the depth of alloying which is expected to take place between the
silver and aluminium. From figure 504.2. in section 5.1+.1. it is
seen that depositing silver on gold to a coverage of say 50%,
would result in a very thin silver film having a mean thickness
of less than one atomic layer. The zero on the contact potential
scale in figure 5.5.1. was made equal to the effective work
function of gold films prepared in the vacuum chamber during the
evacuations corresponding to the deposition of films R/1+ and
R10/3 respectively. By doing this the contact potential scale
zero for both films is the same, thus e.liminating any chance in
the effective work function of the reference electrode which may
have occurred. The possible range of error in each point plotted
on figure 55.1. is then approximately- twice the normal range.
The fiequency scale on figures 5.5.1. and 5.5.2. correspond to
C)

1.5 khz-.

bOA t2O%

Figure 5.5.2. shows the resistance changes which took place
during the formation of the alutinium overlayers. The general
shape of the variations for both films can be seen to be quite
similar. Both films have two resistance maxima, at about 5A
and 12A mean overlayer thickness, and the maximum increase in
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resistance is in the range of 5% to 7%. The resistance curve
for film R/14 is continuous, and for film R10/3 a point by point
plot was made because different techniques were used to measure
the resistance of the two films. The substrates were nominally
at room temperature, and the rate of deposition of the aluminium
was about 20V minute. During the .depositioris the pressure in
-8
the chamber was approximately 10 torr. The time between
successive evaporations for film R10/3 was short (approximately
two minutes) up to an overlayer thickness corresponding to

Q,3 khz, but after 0.3khz: sufficient time lapsed to allow the
monitoring of the contact potential variations on figure 5.5.3.
The lower sets of points on curves (a), (b) and (c) are for
mean thicknesses of approximately 8A. 12.and 17A respectively.
The top set of points on curve (d) are for an overlayer thi ness
0

of approximately 30. The two curves drawn dotted on figure

55,'. .are from the results of Huber and Kirk ( 29 ) with the
contact potential axi:s shifted by 0.90 volts, i.e. Huber and Kirk
have a contact potential value of about 1.1 volts and not 0.2
volts at an exposure of 10 / torr x minutes.

A typical recorder

trace from which the upper set of points on figure 5.5.3.
obtained is shown in figure 5.5.4.

was

During the evaporation the

contact potential value is about., 0.8 volts, but decreases
immediately the evaporation is stopped to a. value of 0.1 volts,
and then slowly rises again toa value in excess of 1.1 volts
with sufficient exposure. It is the minimum value of contact
potential which is reached immediately after cessation of the

400

Contact Potential Changes when Vacuum chamber is Opened

LI
•
f.
450

.11+2.

evaporation that is plotted on figure 5.5.1.. The pressure
after stopping the evaporation is increased by bleeding oxygen
into the vacuum chamber through the leak valve from a gas line
whih was flushed with oxygen to a pressure of 0.05 torr several
times before it was opened to the chamber. Fi gure 5.2.1. shows
the vacuum system used for flushing the line.
5.6. Examination of the Films after Venting the Vacuum Chamber to
Atmospheric Pressure.

5.6.1

Contact Potential Changes on Venting Chamber.. Figurc 5.6.1.

shows the contact potential changes as a function of time for films

RE/1+, R9/3 and R10j4 on opening the chamber to'-the atmosphere.
The zero of the contact potential scale for each film is taken to
be the effective work function of gold films deposited duri:ig
the corresponding evacuation of the chamber. Film R/4 has an
0

over'ayer of about 120A of aluminium deposited in steps of 8A .,
0

9A, hA, and 90A ±20% onto a gold and silver film on a glass.
substrate. The substrate was nominally at room temperature, the
-8
pressure during deposition was about 10 torr, and the rate of
deposition was approximately 20W minute. On opening the chamber
the contact potential decreases by 0.20 volts in 100 seconds
followed by an exponential decrease to a value of 0.66 volts
within ten minutes. The time constant for the decrease is
approximately three minutes. Film R9/3 has an overlayer of gold
to approximately 50% coverage with a mean thickness of 6A, as
shown on figure 5.1+.5..

The gold was deposited onto a silver film
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on a glass substrate nominally at room temperature in a vacuum
of 10 torr, or better, atarate of about 20P/ minute. The
contact potential initially has a value of 0.32 volts and drops
exponentially by 0.27 volts on opening the chamber with a time
constant of 15 seconds. Film RiO/4 has an overlayer of about
0

5A of silver deposited onto a 55A thick aluminium film on a
glass substrate nominally at room temperature in a vacuum of
-8
10 torr at a rate of approximately 2001\/ minute. The contact
potential is initially at 0.05 volts and on venting the chamber
it decreases exponentially to - 0.3L volts with a time constant
of approximately 40 seconds. Thus the net change in contact
potential is a decrease of 360 millivolts.
5.6.2. Optical Microscope. With only one exception, all of he 36
filma..iiiade during the series of experiments carried out had no
features of interest which could be seen with the optical
inicrosccpe. A few smears, scratches ancL large lumps on the
surface, which were presumed to be contamination after removal
from the vacuum chamber, were present on all of the films
examined. Figure 5,,2. shows photographs taken at either --nd
of the film used to monitor resistance chans for experiment 8.
The scale shown demonstrates that the photographs were taken at
the resolution limit for an optical microscope • By defocussing
the microscope slightly the pattern on the upper photograph was
identified as hollows in the film, and similarly the almost
spherical spots on the lower photograph were identified as lumps
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of material.. When the film has a resistance R greater than
1 M the current passing through it is given approximately by
121R amps. For experiments 9 and 10 an electrometer was used for
measuring resistance and no hollows and clusters, as shown in
figure 5.6.2. were seen.
5.6.3. Scanning Electron Microscope. Representative areas of
the films for each experiment were mounted on the micro scopt;
mounting stubs by breaking off a part of the substrate
approximately 0.5 cm. square, and fixing it to the stub with
Areldite.. A conductive path was then made to the film on the
uppermost surface of the substrate by painting the edges of it
with colloidal graphite. Patterns similar to those in figuie
5 4 6.2. were observed for experiment

For experiments 9 anO 10

the scanning electron microscope did not have quite enough
resolution to be really useful. It was just possible to discern
a grain 3tructure at the best possible magnification, when a
0

resolution of "I+OOA was obtained. However, there was not
sufficient contrt with these structures to make photographs
worthwhile. In experiment 7 an o.verlayer of about 140A of
alwniniwn was deposited on to a 170A polycrystalline gold film
on a glass substrate. The aluminium, was deposited at a pressure
of 10 to 3 4 10 torr at a rat€. of approximately 100/A1 minute,
and the evaporation stream was baffled to allow deposition on only
about three quarters of the resistance monitor substrate positioned
just above the wheel. Figure 5.6.3. shows in the upper picture
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a photograph taken of the film in the scanning electron microscope
&t a part of the resistance monitor substrate where only gold had
been deposited, and the lower picture is of an area where the gold
and aluminium had been deposited. It is apparent that the lower
picture has a more granular structure, with a typical 'lump'
0

0

diameter of 1200A to 3500A.
5.6.14.. Transmission Electron Microscope. Samples of the films

deposited were stripped from the substrates with Sellotape and
then floated •off the tape. in a dish of chloroform. Small pieces
of the films were then mounted on copper grids and examined in an
A.E.I. EMG

electron microscope. Many of the films made were

too thick to be examined in the microscope, however- figure.5.6.4 shws
photographs taken of two of the thinner films. The upper
photograph is for - one of the wheel mounted films of experimen 7,
0

0

and is approximately 170A of gold with a 140A overlayer of
aluminium. It is seen that it has a distinct grain structure,
with the grain size 80A to 350A, having many 60 0 corners.
-

-

-S--- -

-,',-----

-

-

-

-

-

The lower photograph is for the resistance
monitor substrate of experiment 10, and is a layer structure of
gold, silver and aluminium having a total thickness of approximately
0

20A. A distinct grain -structure exists, with a typical grain
0

o

size of bOA to 200A, having many 60 0 corners. The fissures
present also exhibit the 600 corners. An electron diffraction
picture taken of the same area of film as the lower photograph
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is shown in figure 5.6.5.

5.6.5. Other Examinations. All of the multi-layer films had
their thicknesses, as deduced from the frequency shift of the
quartz crystal monitor, checked with the Talysurf on their
removal from the vacuum chamber. Repeated measurements on the
0

same area of film agreed to within 125P of the arithmetic mean,
and all of the measurements agreed to within±20% of the values
deduced from the frequency shift of the quartz crystal monitor.
After the films were removed from the chamber, gold p1Led
probes were used to check their final resistance values in order
to show up any bad electrical contacts in the measuring system.
When one of the wheel mounted substrates of experiment 10 was
probed it was discovered that a rectifying effect was obtained.

Figurè5,6,6. shows a sketch of a typical current-voltage trace
obtanedon a Tektronix curve tracer, type 575, with a current
drain stt±ni .of 0.001 miflianrps fox-7 the baee coxection.
inade to•, the .( -'iooOA) underlayer film. The structure of the thin
film is shown in figure 5.6.7.

Thus the thick gold film was made

the base , and the two surface probes, separated by about 0.5 cm,
the emitter and collector of a three-terminal device. The reverse
direction impedance is > 100 k and the forward impedance, before
the abrupt change in slope resistance is reached,is approximately

3 k. The slope resistance as a function of collector to eiiitter
voltage, Vces is shown on figure 5.608. It is seen in figure
5.6.8. that the curve drawn. has a discontinuity at Vc6O volts)

•1)7.

when the slope resistance changes abruptly from 3 kfl.. to 60 k.
The structure and characteristics of these films are similar to
those.described by Szupillo

(175) in a U.S Patent application.

After remaining in the laboratory for several months the
characteristics shown on figure 5.6.6, could no longer be obtained
for any of the eight wheel-mounted susbtrates of experiment 10.
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CHAPTER. 6.

DISCUSSION AND., CONCLUSIONS

Introduction.
The first four sections in this chapter are devoted to

discussing the results reported in chapter 5.

Conclusions

reached as a result of this work are then listed, followed by
several suggestions where future work on the conductivity on
thin films, particularly employing the measurement of conta
potential, may prove useful and which could follow on naturally
from this work.
6.1. Thin Gold Films
6.1.1, Film Conductivi t y During Initial Growth Period. Metallic
films with a bulk conductivity G have a resistance / square
of
R

=
'-d.

For gold C-

4.96

UI

-.

cm, and if the film thickness, F is

taken to be equal tG 60A, then equation (6.1.1), which assumes
completely specular electron scattering at the film surfaces
(i.e. P and Q = 1), yields upon substitution for F and

R. =

4.03 fl. / square

c;

0

1L-9..

If however, the electron scattering at the film surfaces
is assumed to be completely diffuse (i.e. P and Q = 0), and a
value of 0.2 is taken as the ratio: of film thickness to mean
free path, then the value of resistance. is

R =

12-511 / square

The actual measured resistance of film R9/1,which is about
60,A thick is two to three: orders cf magnitude larger than these
above values, indicating that thin films such as R9/1 are not
continuous sheets of metal. Assuming that the logarithmic
relationship deduced in section 5.3. be tween electrical resistance
ant- 'mean thickness continues to be valid until the film

-

conductivity is near to the bulk value, then this should occur
at a thickness FA , which for film R9/1 is the solution to the
equations

log10 R = 11.5 - 0.14F

and

24.Z-

R =

The solution to equations (6.1.2) and (6.1.3) is at FfY 90A,
and by solving a similar pair of equations for film Rio/I the
C,

solution is at F

150A. Thus bulk conductivity is not expected

to be approximated for gold films deposited on to cold glass

.150.

0

substrates at a thicknessof much less than 100A, and probably only at considerably greater thickness. The points plotted on
figure 531. joined by the dotted line are for silver deposited
onto a glass substrate nominally at room tempeature (171+), and
correspond very well to the curve for film R9/1. The points are
plotted to the same mean thickness scale as that for film R9/1
assuming that for gold 32 khz

bOA. The silver film only

became completely continuous at a thickness of

250A, and hence

a value of the same order would be expected for the gold film
R9/1. The electrical resistance over the range plotted on
figure 5.3.1. is principally the result of the activated conduction
process discussed earlier.. The temperature coefficient of
resistance changes from negative to positive at a resistance of
about 10 ii. / square. This is in agreement with Witzencamç and
Bashara (176) who found a positive temperature coefficient for
a gold film with a conductivity value six orders of magnitude
less than that of the bulk. It is not, however, conclusive that
the sharp changes in the lower curve on figure 5.3.1 at points
A and B are consequences of the temperature coefficient variations.
It is possible that the effect of self-annealing of the film
(19) reported
could change the resistance in the same way. Lucas
sudden changes in the resistance of gold films when evaporation
was stopped, which was attributed to self-annealing, The rate of
deposition of gold films R9/1 and RiO/IL was approximately 5C41,/
minute, and each of the wheel-mounted substrates was in the
evaporabion stream for one sixteenth of a revolution of the wheel.

l5l.

Hence the temperature incre a se of the films prepared in this
work is unlikely to be very large since the rate of deposition
is a factor of twelve lower than that used by Belous and
Wayman (30), whose work was referred to earlier in section 2,2..,
and in view of the fact that the substrate is only exposed to the
source for one sixteenth of the total evaporation time. The
results of N.amba

77), in which temperature increases of up to

20 ° C, are reported, are probably more of the order experienced
by the films prepared in the Varian vacuum system. Since only
a small temperature increase appears to take place however, che
quartz lamp used as a light source for the photo-diode may cause
a small, but significant., increase in the temperature,
6.1

~.

Effective Work Function of Golds The contact potential

measurements made with recpect to the reference electrode
showed that there is a difference of 0.40 0 volts ± 10 my.
between the effective work functioa values of thin polycrystalline
gold films prepared in a vacuum system with oil diffusion and
rotary pumps,

and

the Varian system which has all-dry pumps. It

was discussed in section 2.2.4. that it is only recently that
the accepted work function value of gold was changed from about

4.8 eV to about 5.2 eV, The contact potential measurements
(5) who
made here are thus complinentay to these of Huber
showed that in a vacin.m system with mercury diffusion pumps the
effective work function value for gold is about 4.7 eV. If the
effective work function value for gold is taken to be 5.22 eV
then this implies a value of 4.82 volts ± 10 my. for the effective
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work function value of a gold film prepared in a vacuum system
with oil diffusion and rotary pumps. A contributary cause to the
value of about 52 eV only recently being generally accepted as
the value for an uncontaminated gold sample was probably that the
value obtained in such vacuum systems is approximately 4.2 eV.
Undoubtably some foreign species was present in or on the gold
films prepared in the vacuum system with the diffusion pump
which caused a Volta potential to exist in the films. This is
indicated since the deposition of further layers of gold in the
Varian system failed to increase the effective work functio by
more. than 150 millivolts. A sirailar effect which occurrcdwith
aluminium films when silver was deposited onto them is discussed
in section 6.3.
6.2. Conductivity Changes with Gold and Silver Overlayers.
6.2.1. Silver Overlayers on Gold. Before considering the
conductvity (or resistance)- changes with silver overlayers,it is
preferable that the contact potential measurements are firstly
examined in order to establish in what manner the silver overlayers
were formed.

The experimental points for the variations of mean

overlayer thickness with coverage, deduced from contact potential
measurements, are shoiin figure 6.2.1. It is assumed infigu.re

T

6,2.1, that the fractional change in contact potential,
is equal to the fractional coverage of deposit, 0 • A curve
having the equation

(-e

(6.2.1)
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is drawn through the experimental points for silver on
figure 6,2.1. It is evident that equation (6.2.1) is a good fit
to the mean of the experimental points plotted. Equation (6..2.1)
has the form of one of the three types of variation of contact
potential with coverage put forward in section 2.2. Referring
to figure 2.2.3. the theory of Leviie and Gyftopoulos (71)
requires that the contact potential should have changed more
rapidly with mean overlayer thickness than was the case. Also
the latter theory is for a regular crystal surface and the
transmission microscope pictures in figures 5.6.1+. and 5.6.5,
show that the films deposited were very polycrystalline. Hence
these films do not satisfy the surface requirenents for the
application of the theory. Furthermore, the general form of the
(115) was nt
variations required to fit the theory of Jones
obtained. The third curve on figure 2.23. however, for the
case where it is assumed that

-i-:---

-

(

6.2,2)

agrees with the experimental results on figure 6.2.1. 0
and thus makes the relationships in equations (6.2,1) and (6.2.2
reasonable approximations.
The slight increase in effective work function which occurs,
see7 figure 5.1+.1,, as the mean thickness of the overlayer increases
is consistent with a. decrease in the proportion of the less
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stable crystal faces at the film surface as a result of selfannealing.) It is well established that the less polycrystalline
a surface becomes, the greater is its value of effective work
function. For silver deposited onto annealed polycrystalline
silver Clarke and Farnsworth

found that, provided the

substrate temperature was less than 65 ° C., the photoelectric
work function was decreased, -.but could be increased to the
original value by annealing the film for a short time at a
0
temperature of only 80 - 200 ° C. At a temperature within,
say, 20 ° C. of room temperature the annealing process will b
slower and the resulting increase in work function will be of
the order shown in figur€ .1+.1. It was shown previously that
as the mean thickness of the overlayer tends to zero, then the
actual thickness of deposit tends to the exponential ttime
constant' in equation (6.2.1), i.e. The critical nucleus si2.e is
0

of the order of 2A. If the nuclei can be considered to be
hemispherical, then it follows that the critical nucleus radius is
C)

Even if it is felt that the nuclei cannot be considered to

be hemispherical, but only that the width is of the same order as
the depth,, it still follows that the critical nucleus has
dimensions of a few angstroms. Hence it is deduced that the silver
condenses onto the polycrystalline gold surface and nucleates, on
average either as individual atoms or in clusters consisting of
only a few atoms. This demonstrates that thermodynamically,fdr
the materi,iIk and environmental ôondItions employed in the''
experiments carried out, the silver prefers an extremely small
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critical nucleus. Silver having large surface coverage for a
thickness of only one atomic layer is in agreement with the
L.E.E.D. measurements of Farnsworth (178)
The resistance changes during the growth of the overlayers
are now considered.

ssuming that the fractional change in the

effective work function is equal to the coverage,then the
relationship obtained between fractioial resistance change
and coverage, , is

I

(6.2.3)

where R 0 is about 1000/ square
Equating equations (6.2.1) and (6.2.3) yields

MIR0 - t
025
or

(6.2.4)

which is valid for t
In equation (6,2.4) the constant of proportionality between

LR and t has a value between the values of 0,14 and 0.08 which
R
C
were obtained for the proportionality constant in relationships

similar to equation (6,2,4) applicable during the initial growth
period of gold films RiO/i and R9/1 respectively. Thus, even at
a resistance of a few hundred atom- per square the fractional
Ohargos in resistance for small increases in thickness are similar
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to the changes for very high resistivity discontinuous films.
Furthermore, it follows from the resistance measurements that
the growth of the silver overlayers on the polycrystalline gold
surfaces is similar to that of gold deposited onto these surfaces,
which agrees with the silver nucleation and growth discussed above.
The contact potential difference between a gold film prepared
0

ctirely in the Varian vacuum chamber and a silver film 5C' thick
deposited onto a gold underlayer on a glass substrate is 0.900
volts ±25 my. Assuming as before a value of 5.22 eV for the
effective work function of gold, then the deduced effective work
function of a thin polycrystafline silver film at room temperature
is 4.32 volts ±25 my. in agreement with other authors (77
The contact potential difference between the reference electrode
and polycrystalline silver films decreased by 0.365 volts ± 6 my.
on exposing the films

t3

atuospheric pressure, indicating that the

silver 1-ad adsorbed gas molecules. The gas is most probably
chemisorbed oxygen which is expected to cause an increase in the
effective work function of a metal surface, and agrees with the
fact that silver is known to react with oxygen.
The resistance of the resistance monitor film for experiment
9 increased by approximately

)-.%

within 60 seconds of opening

the chamber, which is further evidence that oxygen has been adsorbed
on the surface. The oxygen would prevent many electrons at •r near
the silver surface from taking part in electrical conduction, and
hence result in an increase in the electrical resistance. What is
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unexpected however, is that when these silver films are reinstalled
in the vacuum chamber, after being exposod to the atmosphere for
approximately one day, and the chamber evacuated to

4,

lO , the,

contact potential returns to its previous value. This suggests
that the adsorbed gas is pumped off the silver surface when a low
pressure is reached. Oxygen incorporation into the bulk to form
an oxide is expected to cause a change in the surface potential
of the film as a result of a Volta potential across the oxide.
Hence, in view of the contact potential returning to exactly its
original value, within the experimental error, it is unlikely
that the change can be explained by an adsorbed layer of oxygen
being incorporated into the bulk to form a thin layer of oxide.
Only if the silver oxide was very thin and a perfect dielectric
with no foreign atoms or molecules bonded on its surface wlich
would give a surface potential, would it explain the contact
potential change. Evidence that silver only adsorbs oxygen for
a high exposure is that several minutes at pressures as high as
10 torr produced no change in the contact potential with respect
to the reference electrode. This agrees with Clarke and Farnsworth
(83) who found that'bho photoelectric work function was independent
of the: pressure during the deposition of' silver over the range
10

to 10

torr.

6.2.2. Gold Overlayers on Si lv er. - The upper curve drawn on
figure 6.2.1. ha the equation
/

oo..ê

-e

'\

'

( 6,2.5)
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It is evident that equation (6.25) is a good fit to the
experimental points plotted for gold on figure 6.2.1 Just as
for the case of the silver overlayers in the previous section,
the form of the variation of coverage, with mean overlayer
thickness t follows from the model for overlayer growth presented
in section 2.1.
IT

i.e.

=

- e

(6.2.6)

Assuming that coverage being equal to the fractional
change in pontact potential is a reasonable approximation,, then
C
= 95A.
equations (625) and (6.2.6) can be compared to yield
This value Eort is much larger than the value obtained for
silver on gold, which indicates that gold films have a greatgr
mean thickness than the silver films for the same coverage.
Furthermore, if a hemiherical1y shaped critical nucleus is
0

assumed. then a. value of about lLfP is calculated as its radius.
Hence, it is deduced that the gold critical nuclei each consist of
on avcrae a few tens.-(.-,f atous. For simplification ., in order to
make the nathematis invovod more nanagable, a square island
model was presented in section 2.1. for overlayer growth. U$ing
this model and the coverage to thickness relationship of
equation (6.2.6), values were c.lculated, employing Atlas Autocode
computer programmes for ,he variations of resistance with overlayer
thickness for gold deposited onto thin annealed gold films.
Although no measurements were made in the experiments carried out
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whieh could be compared directly with these calculations, the
computer results obtained were shown in section 2.1. to be in
good agreement with the experimental results of other research
workers. The theory does not require that the scattering parameter
at the uppermost film surface is a complicated empirically derived
function of the overlayer thickness. Instead it is assumed that
an overlayer island growth structure is present which has a
highly spectral surface scattering mechanism at the areas of the
surface where no islands are present, and a highly diffuse
scattering mechanism at the areas covered with islands. In order
to fit the experimental results of Lucas (19), and others
,

Z values of 20 to 254 are required for the growth of gold

on thin annealed gold films which have been deposited onto a
nucleating layer of bismuth oxide on glass substrates, whic.i are
nominally at room temperature during depositions. The process
of nc1eation and growth of relatively large islands is reasonable
in view of the structural differences between annealed gold films
on bismuth oxide and polycrystalline unannealed gold films.
The fractional resistance changes with mean overlayer
thickness which took place in film R9/3 are very similar to the
changes for the silver films discussed in the previous section.
The final resistance of film R9/3 was about 20fl/ square, and the
equation relating fracttonal ristance change to mean overlayer
thickness was found to be

.160.

-

(6.2.7)
which is nearly identical to the relationship for a
small increase in thickness for the gold film in experiment 9
prepared on a bare glass substrate, and which had a resistance of

) 10 fl../ square. For film R8/3 however ) the form of the fractional
resistance changes with increase of overlayer thickness follows
from the bulk conductivity considerations of section 5.2.4.

film

R/3 had a resistance of about 20011/ square which is two orders
of magnitude greater than the resistance of a similar film with
bulk conductivity. Thus, although the resistance is still high,
it appears that the overlayer is forming only on areas already
completely, covered with metal, and is not serving to reduce the
electrical resistance by filling in holes or fissures in the film.
The reason why this happened in this film and not with any of the
others deposited under similar conditions is thought to lie in
the method of resistance measurement employed. The contact
potential measurements were very similar to those for other gold
films, as shown in figure 5.4,4., and did not suggest that the
films deposited onto the wheel-mounted substrates were in any
way different. It must be remembered however, that the film used
for resistance monitoring was not mounted on the wheel, and did
not have its contact potential changes monitored. Had it been
possible to do so then more evidence may have been obtained
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for suggesting that the method of resistance monitoring using a
'constant current sourcet was causing considerable changes in the
film growth. These changes would be most pronounced not when the
resistance was low, but during the early stages of growth of the
C

first gold layer, about 501\ thick, when it was possible that a
very high current density was passed through the film because of
its discontinuous structure. That this did happen is shown by
the optical microsbope photographs indicating that mass-transport
of film material had occured. If a current density which was
sufficiently large to do this was passing through the film, then
it is reasonable to assume that the structure of the film would
be significantly different from the films on the wheel-mounted
substrates. Also an electric field of 6 volts/ cm. was across
the film during the deposition as a result of the resistanc
measurement technique. It has been established that electric
fields of this order applied during early growth can considerably
(173)
For
influence the growth of thin metallic films (179)
all experiments after 8. an electrometer was used to measure the
resistance which obviated the problem since no further similar
abnormalities were observed.
6.3. Conductivity Chanres with Aluminium Over1avers
The variations of electrical resistance with aluminium
overlayer thickness shown earlier in section 5.5* on figure

5.5.2. will now be discussed.. Referring to figure 5.5.2. the
initial increase in resistance is attributed to alloying of the
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aluminium with silver at the film surface. This alloy zone, or
alternatively surface layer with aluminium atoms which have
causes an increasein the electron

penetrated the surface

scattering ear, the film surface resulting in an increase in the
electrical resistance. As the deposition and alloying proceeds
however, the resistance begins to decrease as a result of the
increase in film thickness. The resistance maxima ' corresponding
to the point where the rate of resistance increase is equal to
the rate of decrease,occurs at about 3.5f\

which represehts an

alloy zone of between one arid two atomic layers. At an oveayer
0

mean thickness of about CA the resistance once again increases.
The total time elapsed from starting the deposition to reaching
the resistance minima was 16 minutes and three minutes. at a
-7

pressure of 10 torr and 10 'torr for films R10/3 and R/L
respectively. For film R10/3 six steps of evaporation were
carried out, and for film R8/4 only one, for this first 8 A of
overlayer. This second increase is explained on the basis that
when aluminium atoms can no longer alloy with silver, since all of
the top few atomic layers of silver have already done so, then
further aluminium atoms will react with oxygen together with any
weakly alloyed aluminium atoms. It has been demoistrated (101)
that aluminium deposited on

a. foreign substrate can rapidly

adsorb oxygen until an oxide several atomic layers thick is formed
which then acts as a suitable surface onto which the bulk growth
of aluminium can take place. The aluminium during the subsequent
growth does not adsorb oxygen so rapidly. The position of the
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second maxi indicates that the fast oxygen reaction takes
place for only a very few atomic layers in agreement with
Grigson and Dove

(lol)

the films on figure 55.2

The subsequent fall in resistance of
is considered to be the onset of the

growth of the bulk aluminium on the oxide layer. The slight
increase in resistance is the effect of the oxygen-aluminium
reaction. Depositing the aluminium beyond the 1 kHz mark on
figure 5.5.2.,

(which corresponds to a mean thickness of about

22\), did not appreciably decrease further the electrical
resistance. This is a consequence of allowing the thicker
aluminium overlayers to be exposed for a considerable time to the
residual gases in the vacuum chamber, and by intentionally
introducing an oxygen leak into the system in order to monitor
the effect of increasing the gas exposure of the films.
The contact potential measurements made during the growth of
the aluminium overlayers for films RE/L. and R10/3 will now be
discussed in order to show how they are complementary to the
explanation of the resistance changes presented above. There is
an increase in contact potential during the initial alloying
period, indicating a decrease in the effective work functior.
The effective work function then increases steadily (decrease in
contact potential) as the aluini.nium overlayer increases in mean
thickness, with the exception of a range of about 8A in film RIO/3.,
see figure 5.5.1, when the contact potential remained
approximately constant. The latter can be attributed to the rapid
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formation of the extremely thin oxide layer, which provided it
was a perfect dielectric with no net surface charge, could
result in the contact potential not changing as the thickness
increased. The value on figure

5.5.1. at which the contact

potential levelled out at with increasing thickness indicates
that a Volta potential of about 0.47 volts existed in the
aluminium films. Further proof of this is, that when a silver
0

film approximately 901A thick was deposited onto the aluminium
film R10/3, the contact potential with respect to the reference
electrode indicated that a series potential of about 0.1+7 volts
existed in the composite film. This is the difference between
the deduced effective work function of the resulting surface and
polycrystalline silver.
When aluminium films were subjected - to sufficient residual
gas exposure and to an industrial grade oxygen leak y results
similar to those of Huber and Kirk (29) were obtained. The
results for contact potential changes during the exposure, reported
in section

5.5., indicate that, for very thin aluminium filmaG

oxygen is rapidly adsorbed followed by the adsorption of water
vapour. For thicker films however, oxygen is not firstly adsorbed
and water vapour is slowly adsorbed. The residual gas in the
vacuum chamber before opening tne leak valve was predominantly
water vapour, and even after the valve was opened to raise the
8
total pressure from about 10 torr to 10 torr the mass
-

spectrometer readings indicated that water vapour was still
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the principal residua]L gas constituent. This is the result of the
industrial grade oxygen used having a high water vapour content,
(0.1 to 1.0% parts/ volume), and that the aluminium being deposited
cuth the rcurn chamber baffles etc., and the ion PUMP) would both
act to remove oxygen preferentially from the gas mixture being
admitted through the leak valve. In order to make the results
correspond to those of Huber and Kirk their contact potential
axis was shifted by 0.90 volts. The shift was necessary because
of firstly the difference in the effective work function of
the gold reference electrode used by Huber and Kirk and the gold
films prepared during this work, and secondly the Volta potential
in the aluminium films. The first accounts for 0.1+00 volts, and
the second for 0,1+70 volts, making a total of 0.70 volts ± 20 my.
which is in reasonable agreement with the required 0.90 volts shift
of the potential axis. The remaining discrepancy of 0.03 volts can
be credited to the difference in the effective work function value
0

of the polycrystalline gold films, 130 to 200k thick, prepared in
the Varian vacuum system and the, presumably, much thicker gold
films of Huber and Kirk on a stainless steel substrate. The
effective work function of the reference electrode used in this
work, which was also made by depositing gold onto a stainless steel
substrate, was not the seine as for a similar thickness of gold
deposited onto a glass substrate under the same conditions.
When an aluminium film is suddenly exposed to atmosphe'ic
pressure there is an increase in the effective work function, in
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accordance with the results of Boggo and Plumb

The

resistance also increases, which follows from a formation of a
thicker oxide layer. Evidence that a very thin aluminium oxide
layer can act as a good insulator is that the Tdevicet made
0

cc:ideit1y shows that a pa't1y oxidisedalu

dum].ayer.;abôut. 5Ofr.:

thick, withstanda; . :voitagecf > 50 volts with a leakage; current
of 0 O 00L 011uamps.
The upper electron microscope picture on figure 5.6.4. shows
that the crystallite size for an aluminium film approximately lLfOA
/ thick deposited onto a 170A polycrystalline gold film on a glass.
.0

substt'ate is, on average, about 200A. The upper picture of figure

5.6.4.,and figure 5.6.3. are both for the films of experiment 7...
The top picture in figure 5.6.3, is an area of the resistanc'
monitor substrate which was hidden from the main aluminium
evaporation stream by a baffle. The lower picture is for an area
which was exposed to the stream. Ic can be see that 'lumps' with
0

a mean diameter of approximately 1500A are very prevalent on the
lower, but not the upper picture. These pictures were taken on a
scanning electron microscope, and hrice the brightness of the lumps
indicatca that they are accumulating charge. This is consistant
with the explanation that these lumps are areas covered with
oxidised aluminium. The upper

%70,

ransmission electron microscope
0

picture in 5.6.4. has several darkened areas approximately 1500P
in diameter. These areas are hence the same size as the lumps
already described. Being darker indicates that it is more
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difficult for electrons to penetrabe these areas, which makes it;
reasonable to deduce that oxidation, and hence an increase in the
thickness of these areas has taken place. Thus., although the
average crystallite size in the film is about 2001\, it appears
that lumps of oxidised aluminium are present which are
a
approximately 1500P in diameter.
6.+. Conclusions.
In this section the specific conclusions reached as a result
of this work on thin films of gold, silver and aluminium pre)ared
by vacuum deposition are listed. They are presented under the
four separate headings of Initial Growth, Silver Overlayers,
Gold Overlayers and Aluminium Overlayers.
Initial Growth.
The electrical resistance, R. of a gold (or silver)
film grown on a 7059 Corning glass substrate, nominally
at room temperature, varies with the thickness of the
film, F, according to

log R = A - K.F

(6.4.1)

where A and K are constants.
The effective work function,P, of a thick (about 1000A)
gold film prepared by vacuum deposition onto a glass
substrate at room temperature in a vacuum system with
oil diffusion pumps is 1.15 eV ± 10 meV, assuming a

• l63.
0

value of 5.22 eV for a gold film approximately 150A
thick grown in an all-dry pumped vacuum system.
c) A gold film grown on a glass substrate at room

-e

temperature at a pressure of .lO torr is very
polycrystalline with a typical crystallite size of
0

0

loo Ato 300.
Silver Overlayers.
Silver overlayers deposited onto polycrystalline gold
films on glass substrates grow according to

e =(te

I

(6.4'. 0 2)

and hence a high percentage coverage at one or two
atomic layers of overlay-er thickness.
The resistance changes for very thin silver overlayers
on gold follow the relationship

O•t2t,

(6.3)
for films having resistance values as low as several
-

hundred fl,.../ square.
Measuring contact potential can yield information which
helps determine the overlayer growth mechanism of
silver vacuum deposited onto gold on glass substrates.
The effective work function of a polycrystalline film
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of silver at room temperature, assuming a value of
522 eV for gold, is 4295 eV ±15 meV 0
0

e) Beyond approximately lOAm.ean overlayer thickness of
silver on gold the effective work function increases
0

by 20 meV in going toathickness of about 50A.
E) On exposing a thin polycrystalline silver film to
atmospheric pressure there is a decrease of 365 meV in
its effective work function and an increase in its
electrical resistanáe, but the work function change is
reversed when the film is returned to a low presre.
Gold Overlayers.
Gold overlayers deposited onto silver films on glass
substrates grow according to

=

-

)

(6.4.)

which means a greater thickness for the same coverage
th&a

for silver deposited onto gold.

Using a square island model and the growth law ii(a)
the resistance changes for gold deposited onto annealed
gold films, which were grown on bismuth oxide on glass
substrates, can be explained quantitatively.
For gold films grown on polycrystalline silver films on
glass substrates at room temperature the resistance
changes for small increases in overlayer thickness can

17O

be described by

(6.5)

when the resistance is as low as several hundred
square.
d) A high current density through metal films on glass
substrates onto which an overlayer of gold is
subsequently deposited can result in an overlayer
growth mechanism which causes the resistance to ange
according to bulk considerations, even when the film
has a conductivity value 2 orders of magnitude lower
than bulk material.
Aluminium Overla:Ters.
Aluminium alloys with silver and causes an increase in
the resistance of thin polycrystalline silver films.
A Volta potential of 0.47 volts can exist in thin
aluminium oxide films.
Aluminium rapidly adsorbs oxygen for very thin layers of
aluminium deposited on a foreign metal film.
Water vapour is readily adsorbed onto the surface of a
thin aluminium film causing a large (about 1.2 eV)
decrease in the effective work function, but no
noticeable change in the electrical resistance of the
film.
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The effective work function of an aluminium film
deposited in high vacuum increases substantially upon
exposing the film to the atmosphere, with a corresponding
increase in its electrical resistance.
0

A 50P thick aluminium film oxidised in layers can be a

good insulator.
Rectifying device characteristics can be obtained
using only the metals gold, silver and aluminium. A
switch with an ON impedance of about 3\-.fl and an OFF
impedance of about 0,51'\r1 which has a discontinuots
slope resistance can be made.
6. 5. Further Work.

In order to deposit thin metal films which have values if
conductivity close to that of the bulk material it is uua1iy
neOesary to make the films thicker than most of the films made
during this study. If thin metallic films deposited on glass
substrates are annealed, then bulk conductivity is approached at a thickness of a few hundred angstroms. This is of course
assuming that no nucleating layer such as bismuth oxide is used,
when very thin high conductiviry films can be obtained upon being
annealed. It would have been difficult in this work to have made
0

films with a thickness of, say, >200A since each substrate was
only in the evaporation stream for one sixteenth of the total
evaporation tim.e also, in order to obtain a uniform film over
the entire substrate surfaces the source-to-substrate distance

.l72..

was approximately 12" One. .way

which the 'apparatus cu1d be

mddified:•t'aliow thickor filrnsto be prepared, o±.fi]jns of the
same thic1thes

j:

â:shortOr time,

to inter.chaige: the roles of

the referece 'electrode àiid the wheèl-mounted.substrates. By
making thick1goldfiLns on the wheOl-mounteth substrates the
referOncesurfaces,then the surface under investigation becomes
what is:no'the reference electrode. Suitable- electrical
connect±ons,would be made to a glass substrate .positioned or 'A the
tojp of...the:.dynam1 capacitdr gap push rod. This substrate could
then be heated if.reüi±!é in ordo-'to a'nneal' --the film on it, and
nO problems,: aexeriented in this.:ork,Ould. be:enountered in
meàsu±!in the film

be stationary with

permanent electrical connections. With the same geometry of the
wheel) films eight times as thick could be prepared if requied.
.Various useful'--: experimental- investigàtioii.s couid: then be
carried out. The most interesting :of the6e:il - would probably be to
:instiatè the changes in the effective work function and.
conductivity of a thin netaflic:,fiLn:during. anhealing,..with
particular 6mphasis on the case of.thinpolycrystafline gold - .films.
The- ..- work function and conductivity could be. monitored throughout
the process'of.depositIng;an oveDlayer onto the.annealed film.: By
doing .this.,' some mareinsight,iOuld bo;ga±ned in the role.that
bntaOt potential- plays ih the. changes in conductivity which take
plachen thin overlayers are deposited... onto 'thinmetallic films
having conductivityali.es . closeto:. the bulk thateril•..
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On the theoretical aspects off effective work function and,
conductivity chances, there is still uuch to bddne in the field
fztiultilayer metallic films. The theory of square islands
developed in this work is obviously a gross simplification of.
the true picture, but gave results which agree with experimental
work well enough to suggest that these ideas are worthpursuing.:
further.
The instrument designed and built for this study has many
applications in the fields of catalysis, charge accumulation,
adsorption kinetics, etc., etc., and most important of all;
in the field of thin film fabrication using vacuum deposition.
Fvrther work is to be carried out in order to develope the
technique Into a commercially, viable instrument.

H

ad/sec.

Rotating Dynamic

Capacitor Electrodes
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Figure A1 shows a circle with centre 'B' and radius R, and a rectangle
DEFG with C-F = 2.R 1 . These shapes represent two of the electrodes of a
rotating dynamic capacitor.
The rectangle has its centre line on a radius of a circle with centre
'0', and is rotating about 1 0 1 at a rate of w radians/second. The centre 'B'
of the circular electrode is at a distance R from 1 0 1 • The circle and
rectangle meet at points 'A' and 'C', and let A 0 be the area of overlap, as
shown shaded. in figure A. 1.
L 0 is the spacing between the electrodes, and

0

the line OB and the radius OH bisecting C-F. The angle

is the angle between

0

is related to line

t, in seconds, by
=
where

0

is the value of

0

(A.1'.

at t = 0.

By way of construction produce EACF to meet OB at J.
Then from figure A.1 it can be seen that
0:7
.. 83

(A. 2 ).
-

(A.3).

-

and hence

-

(-

-)

L@ C- 3

(A.4.).

or rearranging equation (A.4.)

S' V

/1-3c

-- %i -)

(A.5).
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Also

--rr

(A.6).

and hence substituting for BCJ from equation (A- 5) in equation

(A.5) in equation (A.6) yields
/

/Z2
/AC

=

The area of overlap, Ac is given.by

=1 /AS c

C

2

/A 1-:5-C

2

(k.8).

substituting for ABC from equation (A.7) in equation (A.8) yields
(2

_L(\22
0

2

2

Z'

2

(A.9).

Simplifying equation (A.9) gives

=

j

. I

where

2 =

The rate of change of capacitance, c, with respect to time, t, assuming
no fringe effects is

whëro

and

r

are the absolute and relative permittivity

respectively of the medium between the electrodes.
Substituting for A 0 from equation (A, 10) in equation (a.11) yields

=
Ckf

(Ro
'-0 C A -2-

C

(a.12)

Carrying out the differentiation and expressing tho result as a
function of

0

gives
z

-Si','
L

'

21-r

1

(A. 13).
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The capacitance C is related to the current, i, generated by a dynamic
capacitor through the relationship

where V is the time-independent voltage across the electrodes.
Substituting for

JC

from equation (A.13) in equation (A. 14) yields the

following expression for the current as a function of

0

•

()

which is valid for
and similarly for

R

A

o
(A.16).

*
j

for

-'

for

SV\

(,

I

Rz

(A.18).
=

However for a vibrating capacitor system with equilbriuni spacing of L
between the plates and the same geometry as described above then the
instantaneous value of current generated is, from equation (3.4.3)
A

=

/

c

L

t

J
4

-

where L 1 is the amplitude of vibration.

(OSS)

U. -

9).

el

77.

Thus the quantities to be compared for the rotating and vibrating
systems are, from equations (A.15) and

(1i019)

respectively
2

2(I\ ç2

cos
I

and

-

I

With

=

±

0.95/5.1,

J

(.A.

20).

4-

•

figure 3..1 compares the fundamental components

of the sinusoidal variations of equation (A.20) to that of (A.21), with an
Li
arbitrary amplitude scale, for various values of / • An Atlas Autocode
0

computer program was written to calculate the fundamental component
amplitudes.
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